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ABSTRACT
Dhar, Mahesh S. Ph.D. The University of Memphis. August 2017. Probabilistic Seismic Hazard
Analysis of the Mississippi Embayment Incorporating Nonlinear Site Effects. Major Professor:
Chris H. Cramer, Ph.D.
The Mississippi Embayment (ME) area is prone to damaging earthquakes as it lies over
the New Madrid Seismic Zone, which is considered the most seismically active zone in the
central and eastern United States. Several attempts have been made to account for the influence
of deep sediment deposits of the ME on the propagation of seismic waves. This study presents
the seismic and liquefaction hazards of the ME by adding the local geologic conditions to the
2014 USGS National Seismic Hazard Model. Both equivalent linear and nonlinear site response
codes have been used to determine the amplification distribution at a site. This study uses the
most up-to-date information available from different researchers and attempts to reduce the
effects of uncertainties. A new 3D geologic model has been generated to assign geologic
information and shear wave velocity to the soil profiles distributed over the ME area. The 3D
model helps to generate an interpolated soil profile at a site for more accurate site response
analysis, replacing the use of generic soil profiles. For liquefaction hazard analysis, updated
surface geologic maps and liquefaction potential curves have been used.
At short periods corresponding to peak ground acceleration the results show that seismic
hazard is reduced on the lowlands in comparison to USGS results, mainly due to deamplification
of ground motions from strong nonlinearity in the softer soil deposits. The NOAH (nonlinear
Iwan model) site response code shows slightly lower hazards on the lowland soils in comparison
to those obtained from SHAKE91 (equivalent linear). At long periods, lowlands deposits amplify
hazards more in comparison to corresponding USGS results, mainly due to much less soil
nonlinearity at long periods. The liquefaction hazard tends to be high in Holocene and late
Pleistocene lowlands sediments and low in Pleistocene loess of the uplands. The young
iii

sediments and shallow groundwater table depth in lowlands contribute to higher liquefaction
hazard. Considering pore pressure effects in nonlinear site response analysis at a test site on the
lowlands shows amplification of ground motion even at short periods. Therefore, pore pressure
effects should be considered in seismic hazard analysis of the ME.
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CHAPTER 1
INTRODUCTION
The Mississippi Embayment (ME) is composed of deep unconsolidated deposits of silt,
sand and clays overlying the New Madrid Seismic Zone (NMSZ), which is considered the most
seismically active zone in the central and eastern United States. The thickness of the sediments
increases from both eastern and western flanks of the embayment towards the southward
plunging axis, which is approximately along the Mississippi river. Along the axis, the depth of
the sediments increases from north to south. Memphis lies on the south-central portion of the
Upper ME where the sediments are about 1 km thick beneath the Memphis area. The influence
of these deposits on the propagation of seismic waves is poorly understood and remains a major
source of uncertainty for site response analysis (Hashash and Park, 2001). There are three major
contributors to uncertainty in site-amplification estimation in the ME: uncertainties in the input
ground motion, in the Vs profile, and in the dynamic soil properties. By incorporating such
uncertainties, a better characterization in hazard estimates can be obtained as compared to
previous studies (Herrmann et al., 1999).
The local sub-surface geology, geomorphology, and geotechnical characteristics of the
soil strata have a strong influence on seismic ground motion. After the 1906 San Francisco, 1985
Mexico City, and 1989 Loma Prieta earthquakes, it has been widely accepted that sub-surface
geology and earthquake damage are strongly correlated. It has also become one of the major
issues in the field of earthquake engineering because several observations made after damaging
earthquakes (e.g. Nigata and San Francisco, 1964; Irpinia, 1980; Kobe, 1995; Kanto, 1923 etc.)
revealed that the local amplification of ground motion has a great influence on non-uniform
damage patterns, particularly in soft alluvial valleys. In this regard, some test sites have been
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developed, e.g. Turkey Flat in the USA (Cramer, 1995), Ashigara Valley, Japan (Kudo and
Sawada, 1998; Satoh et al., 1995), Euroseistest in the Volvi graben of Northern Greece (Raptakis
et al., 2000; Cha´Vez-Garcia et al., 2000), and Garner Valley Downhole Array (GVDA),
California, USA (Bonilla et al., 2002). These test sites were developed integrating information
on strong ground motion, geology, geomorphology, sub-soil stratigraphy, dynamic soil
properties and sub-surface geometry of the basin. But these studies are limited to small and
shallow valleys and the effects of such parameters on strong ground motion in large valleys
(hundreds of km wide) with thick (1000 m) soft sediments are poorly understood. However,
GVDA studied the general characteristics of wave propagation up to the depth of 500 m. The
ME (Figure 1) with sedimentary deposits of about 1000 m is one of the best places to study the
effects of these deposits on the propagation of seismic waves in a deep basin.
The ME area is a unique area to study seismic hazards in several ways. The area overlies
the NMSZ, which is considered to be the most seismically active zone in the central and eastern
United States. The zone is responsible for a sequence of large earthquakes of M7–8 in 1811–
1812. Large earthquakes produce strong ground motions, so the area is also suitable to study
nonlinear effects of deep soils due to strong ground motions. Another contributing factor to
seismic hazard in the region is the lower rate of ground motion attenuation in central and eastern
North America compared to western North America (Atkinson, 1984; Campbell, 2003). Lower
attenuation is responsible for the propagation of the seismic energy to a greater distance resulting
in the expansion of the size of the areas subject to damaging ground motions by an earthquake in
the NMSZ. In addition, the ME area is also suitable for studying liquefaction hazards.
Paleoliquefaction studies indicated several pre-historic earthquakes in this region similar to
1811–12 earthquakes (Tuttle et al., 2002).
2

Thickness (m)

Figure 1: Map of Mississippi Embayment showing the sediment thickness or depth to Paleozoic
bedrock. Blue star is Memphis. Dark circles are earthquake occurring between 1975 and 1999
and yellow circles between 2000 and 2016.
In the past two decades or so, the ME soil properties and response have been studied, and
seismic and liquefaction hazard maps and reports using different approaches have been
published. The question “Which embayment ground motion estimates are most correct?” remains
unanswered (Cramer, 2006a). This is due to there being no observed strong ground motion for
the region and no published laboratory tested data for the dynamic soil properties (modulus and
damping curves) for the ME. Recently, the ME area has been studied by many researchers
yielding new geological, geophysical, and geotechnical information, which is reviewed in the
next section. Consequently, it is very important to update the seismic and liquefaction hazard
maps of the area.
Previous Studies
Some remarkable studies have been carried out in the ME regarding seismic hazard
analysis (e.g. Hashash and Park, 2001; Park and Hashash, 2005; Cramer, 2006a, b) and
liquefaction hazard analysis (e.g. Broughton et al., 2001; Cramer et al., 2008; Holzer et al., 2013;
3

Obermeier, 1989; Van Arsdale and Cox, 2003). Cramer et al. (2004) developed PSHA maps for
Memphis, Shelby County, Tennessee using SHAKE91 (Idriss and Sun, 1992), an equivalent
linear soil response model, adjusted for the deep soils. Similarly, Cramer (2006a) carried out
seismic hazard mapping for the ME in a completely probabilistic manner using two different
codes, SHAKE91 and TREMORKA, and adopting a nonlinear approach using limited geologic
information. Probabilistic and scenario urban hazard maps were generated for a six-quadrangle
area (7.5’ quadrangles) centered on Memphis and southern Shelby County in SW Tennessee
(Cramer et al., 2004, 2006b). These hazard maps incorporate local site effects (Cramer et al.,
2004, 2006a, and 2008). In the course of updating maps with new national seismic hazard
models, the maps were extended to all of Shelby County (12+ quadrangles) with the 3D geology
model of Stevens (2007) with additional well log control gathered during the summer of 2012
(Cramer et al., 2013; Cramer et al., 2014). Urban seismic hazard maps were generated by folding
the effects of local geology into the 2008 USGS national seismic hazard model and attenuation
relations (Petersen et al., 2008). Improved hazard calculation approaches were employed from
the St. Louis, MO urban hazard mapping project (Cramer, 2009, 2011). Park and Hashash (2005)
used a probabilistic approach to develop bedrock time histories for the selected sites in the ME
without applying a probabilistic approach in developing site amplification and then estimated
National Earthquake Hazards Reduction Program (NEHRP)-like soil amplification factors.
The ME area is also very much susceptible to liquefaction. Liquefaction features are
scattered at many places around the embayment and were caused by the 1811–1812 earthquakes
as well as earthquakes in approximately 900 A.D. and 1450 A.D. (Obermeier, 1989; Tuttle et al.,
2002). Obermeier (1989) has conducted detailed liquefaction mapping due to the 1811–1812
New Madrid earthquakes. He determined that the liquefaction potential of the studied area is
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indicated by the intensity of sand blows and geologic conditions, and pointed out that the areas
having greatest concentration of sand blows tend to lie near major New Madrid faults. Ng et al.
(1989) and Hwang et al. (1999) made liquefaction susceptibility maps of the Memphis, Shelby
County area. Broughton et al. (2001) and Van Arsdale and Cox (2003) prepared qualitative
(high, medium, low) liquefaction susceptibility maps of Shelby County based on the surface
geology following the approach of Youd and Perkins (1978). Other liquefaction studies (e.g.,
Holzer et al., 2003, 2006, 2011; Romaro-Hudock and Rix, 2005; Cramer et al., 2008) have
applied the liquefaction potential index (LPI) proposed by Iwasaki et al. (1978, 1982) to estimate
liquefaction probability. Scenario liquefaction hazard maps for M7.7 and M6.2 earthquakes in
Memphis and Shelby County were generated by Romero-Hudock and Rix (2005) with
liquefaction probability curves developed from CPT and SPT measurements. Cramer et al.
(2008) prepared probabilistic liquefaction hazard maps for the Memphis area based on
probabilistic ground motions.
Recently, a number of studies have been carried out on the geology, Quaternary
deformation (Csontos et al., 2008; Van Arsdale and Cupples, 2013), and fault geometry in the
NMSZ (Csontos and Van Arsdale, 2008; Powell et al., 2010). Van Arsdale and Cupples (2013)
analyzed 557 well logs in the Pliocene upland complex and an additional 3334 well logs for the
Mississippi River valley to better define the Pliocene and Quaternary deformation of the
Reelfoot rift. The updated geology with different geologic layers is an important input to update
the seismic hazard assessment of the area. Csontos et al. (2008) improved the 3D geologic model
for the ME sediments. Csontos and Van Arsdale (2008) analyzed 1704 earthquake hypocenters
obtained between 1995 and 2006 in 3D space to more accurately map the fault geometry of the
major faults in the NMSZ. The hypocenters were located using the joint hypocentral
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determination (JHD) technique described in Pujol et al. (1997). High-resolution seismic
reflection surveys along or near the Mississippi River located faults, which might contribute to
the seismic hazard in the region (Hao et al., 2013; Guo et al., 2014). Many researchers (Martin,
2008; Deen, 2009) utilized well logs from the American Coal Company to study the tertiary and
quaternary deformation in and around the ME mainly focusing on Shelby County. Further,
Holzer et al. (2011) extensively studied the liquefaction potential of surficial geologic units
consisting of alluvial fans, beach ridges, river delta topset and foreset beds, eolian dunes, point
bars, flood basins, natural river and alluvial fan levees, abandoned river channels, deepwater
lakes, lagoons, sandy artificial fill, and valley train deposits. Holzer et al. (2013, 2015) applied
these liquefaction probability curves to Obermeier’s (1989) liquefaction maps, and then inferred
that peak ground acceleration (PGA) in the epicentral region of the 1811–1812 New Madrid
earthquakes was no greater than 0.35 g (g is the acceleration of gravity at earth’s surface, 1g =
9.80665 m/s2). Cramer et al. (2013) generated liquefaction hazard maps for the Memphis area
using the Memphis liquefaction hazard map approach of Cramer et al. (2008) and the
liquefaction probability curves provided by Romero-Hudock and Rix (2005). Cramer et al.
(2015) established new liquefaction probability curves from new groundwater and geotechnical
information and updated seismic and liquefaction hazard maps using the 2014 USGS seismic
hazard models and attenuation relationships. The updated liquefaction maps (Cramer et al.,
2015) showed that the liquefaction is higher in alluvium and lower in upland loess in comparison
to those from Romero-Hudock and Rix (2005). The new information comprising updated
geologic information of the ME area available from Van Arsdale and Cupples (2013) and
Csontos and Van Arsdale (2008) as well as recent liquefaction probability curves based on
geotechnical exploration of the surficial deposits by Holzer et al. (2011) are keys to reassessing

6

the liquefaction hazard of the ME.
Geology of the Mississippi Embayment
Geographically the ME is divided into two sections, the “uplands” and the “lowlands”,
which are separated by a bluff line following sediment types and sudden topographic variations
(Figure 2). The uplands and lowlands are terminologies used in the context of seismic hazard
study (Cramer, 2006a; Malekhmohammadi, 2013; Park and Hashash, 2004). The uplands
terminology used in this study is different from the upland model which is a velocity model for
outside of northern part of ME. The uplands, which is east of the bluff line, is mainly covered by
eolian Pleistocene loess while the lowlands, which is west of bluff line, is covered by Holocene
alluvium along the Mississippi river. The N–S trending Crowley’s Ridge is located in the
lowlands and separates the lowlands into western and eastern lowlands. The ancient Mississippi
River in the western lowlands and the Ohio River in the eastern lowlands are responsible for the
erosion on the respective sides of the lowlands. The surface geology and underlying geologic
sequences of Crowley’s Ridge are similar to that of the uplands. The lowlands region east of

Kentucky
Missouri

Crowley’s Ridge
Lowlands
Uplands
Upland Gravel
boundary

Tennessee

Loess boundary
Bluff line

Arkansas

State boundary

Figure 2: General geography of ME showing uplands and lowlands separated by bluff line. Cyan
dot represents the location of soil profile for Figure 9.
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Crowley’s Ridge is composed of young Pleistocene deposits (12–14 ka) while the region west of
Crowley’s Ridge is composed of older Pleistocene sediments (24–63 ka) (Van Arsdale and
Cupples, 2013).
In the uplands, loess blankets the gravel of the Quaternary Upland Complex. The loess is
20 m thick immediately adjacent to the Mississippi river and decreases to zero towards the east
(Martin, 2008). In the lowlands, the upper silt/clay and sand is underlain by Quaternary gravel,
which is different from the Upland Complex gravel. The Upland Complex gravel and gravel on
the lowlands are underlain by Eocene strata. The boundary between the upper Quaternary gravel
strata and the lower Eocene strata is an irregular unconformity. The Jackson Formation is at the
top of the Eocene strata, but the gravels may be underlain by other Eocene groups besides the
Jackson Formation due to the erosional unconformity. The thickest Eocene stratum is the
Memphis Sand, which is a major aquifer system of the area. The Memphis Sand is successively
underlain by the Paleocene Wilcox group and Midway group. Figure 3 shows the different
geologic layers and their descriptions from the surface to the Paleozoic bedrock.
The ME is a southward plunging valley such that the sediment depth is less in both flanks
of the embayment in comparison to the central axis. The eastern uplands have one geologic layer
(cretaceous) above bedrock while the deepest central portion of the embayment area is composed
of more than ten geologic layers above the bedrock. This variable number of layers around the
area and variations in thickness of layers as well as depths to bedrock add to the challenge of
creating soil profiles over the ME area for site response analysis. General soil profiles of uplands
and lowlands are shown in Figure 4.
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PERIOD

EPOCH

FORMATION (Fm)

Quaternary

Holocene
Pleistocene

Alluvium
Loess

Neogene

Pliocene

Upland Complex

DESCRIPTIONS
Light gray silty clay and sand; contains lignite.
Tan silt and clayey silt.
Ferruginous, fine- to very coarse-sand and gravel
Light gray to bluff, medium- to very fine-grained
silty sand, interbeded with light gray clayey silt.
Light gray to light brown silt and clay interbeded
with medium- to fine grained sand; lignite
common.
Light gray to light buff clay and silt; contains
variable amounts of sand and lignite.
Fine- to very coarse-grained, light gray-white
quartzose sand; contains pyrite, lignite, and rock
fragments.
Medium to light gray silty clay and clayey silt
containing thin beds of fine- to very fine-grained
sand; commonly contains lignite, pyrite, and
mica.
Fine- to very coarse-grained quartzose sand;
commonly contains lignite, pyrite, and mica.

Jackson Fm

Claiborne

Eocene

Cockfield Fm

Memphis Sand

Paleogene

Midway

Wilcox

Flour Island Fm

Paleocene
Cretaceous

Cook Mountain Fm

Fort Pillow Sand
Old Breastworks
Fm

Light gray, sandy, micaceous silty clay.

Midway Group

Thick sequence of marine clay beds (Hart et al.,
2008)
Massive-bedded, fossiliferous, argillaceous, grey
marls.
White to dark-gray, fine- to coarse crystalline
dolomite.

Cretaceous
Paleozoic Bedrock

Figure 3: Stratigraphic column of the Mississippi Embayment area (Modified from Martin and
Van Arsdale, 2017). The Cretaceous and Paleogene sections are after Moore and Brown (1969).
The Pliocene, Pleistocene, and Holocene sections are from Van Arsdale and Cox (2007).
Descriptions are from Crone, 1981.
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Quaternary
Upper
Claiborne

Pleistocene

Silt/Clay
Sand
Gravel
Jackson Fm
Cockfield Fm
Cook Mountain Fm

Middle
Claiborne

Memphis Sand

Middle Wilcox

Flour Island Fm

Lower Wilcox
Midway

Fort Pillow Sand
Midway Group
Cretaceous
Paleozoic

Pliocene
Upper
Claiborne

Loess
Upland Complex
Gravel
Jackson Fm
Cockfield Fm
Cook Mountain Fm

Middle
Memphis Sand
Claiborne
Middle
Flour Island Fm
Wilcox
Lower Wilcox Fort Pillow Sand
Midway
Midway Group
Cretaceous
Paleozoic

(b)
(a)
Figure 4: General stratigraphy of (a) uplands and (b) lowlands of ME. The number of layers
depends on the location of a soil profile.
Objective of the Study
The NMSZ is the major earthquake source zone in the region, where historic earthquake
studies have revealed a characteristic sequence of M7.0–8.0 earthquakes (Cramer and Boyd,
2014; Boyd and Cramer, 2014; Nuttli, 1973; Johnston and Schweig 1996; Hough et al., 2000)
occurring, on average, about every 500 years (Toro and Silva, 2001; Tuttle et al., 2002; USGS,
2002). The spatial distribution of earthquakes (Figure 1) and other studies (Frankel et al., 2012;
Smalley et al., 2005) show that the major faults of the New Madrid Seismic Zone are still active.
Global positioning system (GPS) measurements in NMSZ showed significant strain, which is
comparable in magnitude to those across active plate boundaries (Smalley et al., 2005). The
significant deformation between some of the GPS stations in the region indicate that the shallow
portion of the Reelfoot fault can host enough slip for earthquakes with moment magnitudes of
7.3 having return periods of about 500 years (Frankel et al., 2012). Boyd et al. (2015) also
confirmed a dislocation creeping at about 4 mm/yr below the Reelfoot fault and suggested that
the seismic hazard is likely to remain significant. However, some researchers do not agree with
such GPS measurements and believe that the NMSZ is not active (Calais et al., 2005). There is
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also extensive evidence for Quaternary deformation in the upper Mississippi Embayment that is
due to reactivation of Reelfoot rift faults (Csontos et al., 2008; Van Arsdale, 2009, Van Arsdale
and Cupples, 2013, and Van Arsdale et al., 2013).
The NMSZ is overlain by deep unconsolidated deposits. The influence of these deposits
on the propagation of seismic waves is poorly understood and remains a major source of
uncertainty for site response analysis. Extensive studies in and around the ME provide new data
and these new data can be used to update the seismic hazard maps of the area. The new data can
be used to make comparisons with historical observations and better model what was observed in
1811–1812. Therefore, the objectives of this study are:
•

To prepare a 3D geologic model of the ME area to extract soil profiles on a grid and
use it in site response analysis rather than depend on the two generic soil profiles
from Romero and Rix (2001).

•

To prepare seismic and liquefaction hazard maps of the ME with newly available
earthquake data, geological and geotechnical data, earthquake hazard source model,
and attenuation relationships.

•

Perform probabilistic seismic hazard analysis and liquefaction hazard analysis
incorporating nonlinear site response analysis using an equivalent linear program
(SHAKE91) and compare the results with those using a nonlinear program (NOAH:
Nonlinear Anealistic Heasteric).

•

Consider dynamic pore-pressure effects to better model the effect of liquefaction on
ground motions.
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•

Compare updated ME scenario hazard maps to the observations from the 1811–
1812 New Madrid earthquakes and develop a model for better evaluating risk in the
region from the future large earthquakes.
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CHAPTER 2
SITE RESPONSE MODEL
The Mississippi Embayment is covered with a thick layer of sediments. These sediments
significantly affect earthquake ground motions. The USGS National Seismic Hazard Maps
(NSHMs) do not include the effects of these thick sediments or a local geologic structure. Once
such effects are added to the NSHMs then they become region-specific hazard maps, also known
as urban seismic hazard maps in major urban areas such as Memphis, Tennessee (Cramer et al.,
2014, 2015) and St. Louis, Missouri (Cramer et al, 2017). To account for the hazard on the
ground surface, we have to estimate the response of such sediments to the earthquake ground
motions. Generally, we perform an appropriate site response analysis to get the ground surface
acceleration from the input bedrock acceleration. Once we get both types of accelerations
(bedrock and soil surface), we can calculate amplification given by,
Amplification (T) =

!"#$%& ())
!"+$,- ())

where, SAsoil (T) and SArock (T) are soil surface and bedrock response spectral acceleration
(SA) values at a specified period, T.
By performing numerous site response analyses, we can generate amplification
distributions on a grid, and such distributions can be combined with a bedrock hazard curve to
get grid-point-specific soil hazard curve, which ultimately yields region specific seismic hazard
maps that include the effects of local geology. This is described in more detail in Chapter 3:
Seismic Hazard Analysis. To get a more accurate response spectrum at the ground surface, the
input parameters for a site response analysis must be of good quality. For this study, input
parameters were adopted from published reports. However, the 3D geologic model was prepared
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from the available geologic reports and data. The following are the input parameters used in this
site response analysis.
3D Geological Model
Most of the previous researchers (Cramer, 2006a; Malekmohammadi, 2013; Holzer et al.,
2013; Park and Hashash, 2005) used generic soil profiles from Romero and Rix (2001, 2005).
Romero and Rix (2001) had produced two soil profiles, one for uplands and another for
lowlands. Use of two generic profiles is not appropriate to determine seismic hazard for the
varying thickness and geology of layers within the complex subsurface geology of the ME.
Reference profiles inappropriately estimate seismic hazard, and, the soil layer thickness of the
individual profile is important to estimate site specific resonances and hence seismic hazard
(Chapman et al., 2004). So, in this study one of the objectives is to use a 3D geologic model to
develop soil profiles all over the ME area. As shear wave velocity (Vs) is a function of depth and
may correlate to some degree with Vs30 (travel time averaged Vs over the top 30 m of soil),
Ramirez-Guzman et al., 2012 prepared a seismic velocity model of the Quaternary deposits of
the ME area based on the Vs30. But Vs30 is not sensitive to the deeper details of Vs profiles,
which is a limitation of the Vs30 correlation approach that makes it similar to a reference
velocity profile approach. Ramirez-Guzman et al. used reflection/refraction studies to trace the
boundaries of deeper layers. However, I have generated a 3D geologic model of the ME area
based on the lithological properties of layers available from the best available resources (e.g.,
Csontos 2007, Hart et al., 2008, Van Arsdale and Cupples, 2013) (Table 1). Thus the 3D
geologic model developed for this study is used to develop a more accurate soil profile and depth
to bedrock at a specific grid point.

14

Table 1: Data types available for geologic formations from different sources.
Geologic Formation (Fm)
Data Type
Source
Loess/ Silt-Clay

Surface Elevation

Alluvium (gravel, sand)

Borehole logs

Upland Complex

Borehole logs

Jackson Con. Unit (Jackson
Formation)
U Claiborne Aq (Cockfiled Fm)

Shapefile (ArcGIS)

Van Arsdale and Cupples
(2013); Csontos (2007)
Van Arsdale and Cupples
(2013); McCallister (2004)
MERAS*

Shapefile (ArcGIS)

MERAS*

M Claiborne Con. Unit (Cook
Mountain Fm)
M Claiborne Aq (Memphis Sand)

Shapefile (ArcGIS)

MERAS*

Shapefile (ArcGIS)

MERAS*

M Wilcox (Flour Island Fm)

Shapefile (ArcGIS)

MERAS*

Lo Wilcox (Fort Pillow Sand)

Shapefile (ArcGIS)

MERAS*

Midway Group

Shapefile (ArcGIS)

MERAS*

Cretaceous

Shapefile (ArcGIS)

Csontos (2007)

Paleozoic

Shapefile (ArcGIS)

Csontos (2007)

*Memphis Embayment Regional Aquifer Study, Hart et al. (2008)
A representative geologic sequence is presented in Figure 3. Because our interest is from
the ground surface to the top of bedrock, the target is to find the elevation of the top of all
geologic layers lying above the bedrock. Because the Paleozoic layer is carbonate and clastic
sedimentary rock, which is overlain by Cretaceous sediments, and the shear-wave velocity (Vs)
of the Paleozoic rocks (3200 m/s) has a strong contrast with the overlying Cretaceous (1175
m/s), I considered the top of Paleozoic as the rock-soil interface. Starting from the bottom, I have
used the top of Paleozoic and Cretaceous beds available in ArcGIS shapefile format from
Csontos (2007). These top layers were generated with a kriging interpolation method in ArcGIS
using elevation points acquired from different borehole exploration data. The Cretaceous layer is
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successively overlain by the Midway group, Fort Pillow Sand, Flour Island Formation, Memphis
Sand, Cook Mountain Formation, Cockfield Formation, and Jackson Formation. The top of
Jackson formation also can be referred to as the top of Eocene strata. The top of the Jackson
Formation is the bottom of the Upland Complex gravel. The borehole data available for these
layers were used to study the deformation and the fault geometry of the area (Martin, 2008;
Csontos, 2007; Van Arsdale and Cupples, 2013). However, the available points are not sufficient
to cover the entire ME area making it difficult to interpolate the top layers of the geologic
formations. Borehole distributions within the study area are shown in Figure 5 (a-d). Instead of
interpolating top layers with sparse borehole data, I have used better sampled Tertiary and young
age hydrogeologic units within the ME aquifer system, which were created using more than
2,600 geophysical logs. These digital surfaces were developed to define and display the
hydrogeological framework for the Mississippi Embayment Regional Aquifer Study (MERAS)
(Hart et al., 2008). The top of the hydrogeologic units was created using the Australian National
University Digital Elevation Model method as an interpolation scheme within a Geographic
Information System. The hydrogeologic layer name is different from the geologic formation
name. Therefore, the hydrogeologic units were correlated with geologic formations using Table 1
of Hart et al. (2008).
The top three layers of the Eocene strata—Jackson Formation, Cockfield Formation, and
Cook Mountain Formation—are composed of silt and clay making them hard to distinguish from
each other (Moore and Brown, 1969; Parks et al., 1985). For example, Gomberg et al. (2003)
assigned the same Vs of 413 m/s with a one standard deviation of 105 m/s for all three layers.
The bottom of the Upland Complex gravel and the bottom of the alluvium gravel is the top of
Eocene strata in the uplands and lowlands of ME area, respectively. The boundary between both
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types of gravel and Eocene strata is an irregular unconformity. It is difficult to say which of the
top three Eocene layers is just beneath the gravel layer. So, wherever it is possible, for the
portion between the bottom of gravel and top of Memphis Sand, I have assigned it as the Upper
Claiborne layer. Above the Eocene strata I was not able to get the tops of the layers of alluvium
gravel and sand for the lowlands as well as Upland Complex gravel of the uplands in ArcGIS
shapefile format. Csontos (2007) and Van Arsdale and Cupples (2013) used these layers in
ArcGIS format to study Quaternary deformation of Mississippi Embayment. However, I
obtained the borehole data used by Van Arsdale and Cupples (2013). The total number of
borehole data available for the lowlands is 3334 and for the uplands is 557 (Figure 5e-f). The
lowlands borehole data were used to generate the top boundary for sand and gravel beds, which
are above the Eocene strata. The uplands borehole data were used to generate the top and bottom
boundary of the Upland Complex gravel bed. For both cases, I used ArcGIS 10.1 and the kriging
interpolation method. In previous studies, these data were used to create elevation of the tops of
geologic layers using the kriging interpolation method, as it best represented the lateral
continuity of the surfaces and best matched hand-contoured maps (Van Arsadale and Cupples,
2013; Csontos, 2007, Martin, 2008). Regarding the lateral extent of the layers, the western extent
of the lowlands alluvium layers is the western border of the ME and that of the eastern extent is
the bluff line. For the top and bottom of the uplands gravel layers, the western extent is the bluff
line and the eastern extent is taken from McCallister (2004). The uplands gravel is overlain by
loess, whose thickness is 20 m immediately adjacent to the Mississippi river and decreases to
zero towards the east. The eastern border of the loess is traced from the Geologic Map of
Tennessee (Hardeman, 1966). The upland gravel and loess boundaries are shown in Figure 2.
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Figure 5: Borehole data available for (a) Midway Group, (b) Fort Pillow Sand, (c) Flour Island,
(d) Memphis Sand, (e) Different alluvium tops (gravel and sand layers), and (f) Upland Complex
Gravel (Csontos, 2007; Van Arsdale and Cupples, 2013; McCallister, 2004).
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After creating the tops of all geologic layers, all the layers are stacked one over another
with older at the bottom and younger at the top. Figure 6 (a-i) shows the stacking of younger
layers over older ones. Depending on their lateral extents, the ME area was divided into fourteen
zones: six zones (zone1– zone6) in the uplands, five zones (zone7– zone11) in the lowlands, and
three zones (zone12– zone14) along Crowley’s Ridge (Figure 7). Any soil profile within a zone
contains the same number of geologic layers (Table 2). For example, zone one contains one
geologic formation (Cretaceous) above Paleozoic bedrock. Similarly, zone two contains four
formations (Cretaceous, Midway Group, Lower Wilcox, and Middle Wilcox) above Paleozoic
bedrock. The highest number of formations is ten, including bedrock, in zone seven (Table 2).
Even though the number of formations within a zone is same, the thickness of each formation
might be different at different locations within a zone.
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Figure 6: Stacking of younger formation over older formation starting from (a) Paleozoic-P,
(b) Cretaceous-C, (c) Midway Group-M, (d) Lower Wilcox-LW (Fort Pillow Fm), (e) Middle
Wilcox-MW (Flour Island), (f) Memphis Sand-MS, (g) Upper Claiborne-UCl, (h) Upland
Complex Gravel-UC, and (i) Loess-L. The color variations are used to contrast the layers.
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Figure 7: Map showing the fourteen zones (z1-z14) in this study, each having a distinct soil
profile (see Table 1).
After developing these fourteen zones, the next step was to create grids for all the Upper
Mississippi Embayment area. The grids are 0.1-degree apart in the N–S and E–W directions
(Figure 8). The grids are for the sites where soil profiles are generated for site response analyses.
The option “extract multiple values to point” of the spatial analysis toolbox in ArcGIS was used
to extract the elevation points of top of each geologic formation. The “multiple” option made it
much easier to extract top elevations of all layers at once for one grid point. All the top layer
elevation values were transferred from the attribute table of the layers in ArcGIS to Microsoft
(MS) Excel (2011) for further use. Later, from the MS Excel file, the top elevation values of
geologic layers were extracted to form input files required to run a site response program.
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Zones

Zone 1 (z1)
Zone 2 (z2)
Zone 3 (z3)
Zone 4 (z4)
Zone 5 (z5)
Zone 6 (z6)
Zone 7 (z7)
Zone 8 (z8)
Zone 9 (z9)
Zone 10 (z10)
Zone 11 (z11)
Zone 12 (z12)
Zone 13 (z13)
Zone 14 (z14)

Table 2: Number and Name of Geologic Formations in each zone
No. of
Geologic Formations
Description
Geologic
(oldest to youngest)
Formations
(including
Paleozoic
bedrock)
2
P, C
P = Paleozoic
C = Cretaceous
5
P, C, M, LW, MW
M = Midway
6
P, C, M, LW, MW, MS
LW = L Wilcox
7
P, C, M, LW, MW, MS, L
MW = M Wilcox
8
P, C, M, LW, MW, MS, UCl, L
MS = Memphis
9
P, C, M, LW, MW, MS, UCl, UC, L
10
P, C, M, LW, MW, MS, UCl, G, S, C Sand
UCl = Upper
9
P, C, M, LW, MW, MS, G, S, C
Claiborne
8
P, C, M, LW, MW, G, S, C
UC = Upland
5
P, C, G, S, C
Complex
6
P, C, M, G, S, C
G = Gravel
4
P, C, UC, L
S = Sand
7
P, C, M, LW, MW, UC, L
C = Silt/Clay
8
P, C, M, LW, MW, MS, UC, L
L = Loess

Figure 8: Dots are the 0.1-degree apart grids where interpolated soil profiles were generated for
response analyses.
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Ground surface elevation is an important factor to find the depth of each geologic layer
from the ground surface. I extracted ground surface elevations of all the grid points from USGS
seamless elevation data sets hosted at USGS/Earth Resource Observation and Science (EROS)
using free software tools developed by Zonum Solutions
(http://www.zonums.com/online/equery.php; last accessed on May 20, 2017). The tops of the
geologic layer elevations were subtracted from ground surface elevations to get depth of
respective layers from the ground surface. Either depth to top of geologic layers from the ground
surface (e.g. NOAH) or geologic layer thickness (e.g. SHAKE91) are required depending upon
the type of site response program. The layer thickness was obtained by subtracting the bottom
elevation from the top elevation of a geologic layer.
Using this 3D geological model, I created a soil profile containing different geologic
layers at a grid point. There is a correlation between lithology and shear wave velocity profiles
(Field et al., 2000; Gomberg et al., 2003; Wills et al., 2000). In this study, I assigned Vs and
standard deviation for all the geologic formation based on Gomberg et al. (2003). A two-standard
deviation value corresponding to each Vs was used to randomize a soil profile to account
uncertainty in the Vs value. Gomberg et al. (2003) provided the Vs values down through the
Memphis Sand. Below the Memphis Sand, the Vs were estimated from the 420m Memphis
Light, Gas and Water (MLGW) well-log and the 900m Wilson2 oil and gas exploration well
(Cramer et al., 2004; Cramer, 2006) (Table 3).
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Table 3: Shear wave velocity and uncertainty used in this study
Geologic Unit
Vs (m/s)
Source
Floodplain sediments
171 ± 24
Gomberg et al. (2003)
Loess
192 ± 37
Lafayette Fm (Upland
268 ± 72
Complex)
Jackson, Cookfiled, and Cook 413 ± 105
Mt. (Upper Claiborne)
Memphis Sand
530 ± 134
Flour Island
675 ± 100
Estimated from a 420-m MLGW well
log and 900-m Wilson2 oil and gas
Fort Pillow
775 ± 50
exploration well; Cramer et al. (2004);
Midway Grp
850 ± 50
Cretaceous
1175 ± 125 Cramer (2006).
Paleozoic
2800
Depth of Half Space
In this study, the depth to the half-space is the depth of the top of Paleozoic bedrock from
the ground surface. Thus for each grid, the depth to the half-space is the elevation difference
between the ground surface elevation and the top of Paleozoic bedrock elevation. Figure 1
represents the depth to the half-space or sediment thickness of the ME area.
The depth to the half-space is very important in site response analysis. At this depth, an
input ground motion is applied and propagates to the surface when performing site response
analysis. So, the resulting surface acceleration is very much dependent on the depth to the halfspace. The site response program, SHAKE91, is not appropriate to use on very deep soil profiles
(Toro and Silva 2001; Hashash and Park, 2001, 2002). Still, it is preferred to other site response
programs because of its fast-computational speed. SHAKE91 overpredicts the attenuation of
ground motion and underestimates hazard values at high frequencies after certain depth. So,
while using SHAKE91, a calculation limitation and calibration is required for deep soil condition
(Cramer, 2006a). For this I used NOAH (nonlinear Iwan model), which is a nonlinear 1D finitedifference site-response code (Bonilla et al., 1998; Bonilla, 2000) and does not consider pore
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pressure effects, and performed site response analysis using one deep soil profile (Figure 9,
location shown in Figure 2) and a 1g input motion. There is no depth limitation for the nonlinear
program. With the same input parameters, I used SHAKE91 and performed site response
analyses (a) using the full depth (b) limiting the nonlinear response to depths above 300 m and

0
8.88

Silt/Clay
Vs = 171 ± 24
Sand
Vs = 171 ± 24

20.5

Gravel
Vs = 268 ± 72

29.4
U Claiborne
Vs = 413 ± 105

Depth to top layers from the surface in m.

93.66
Memphis Sand
Vs = 530 ± 134

336.26
Flour Island
Vs = 675 ± 100
447.06
Fort Pillow
Vs = 775 ± 50
564.36
Midway Group
Vs = 850 ± 50
730.9
6

Cretaceous
Vs = 1175 ± 125

1050
Paleozoic
bedrock
Vs= 2800

Figure 9: Soil profile used for site response analysis for spectra comparisons in Figure 10 and
Figure 52. Vs - shear wave velocity in m/s. (not in scale).
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(c) limiting the nonlinear response to depths above 100 m depth (Figure 10). The nonlinear
response using a limiting depth of 300 m means the nonlinear calculation was limited to depths
above 300 m so below 300 m SHAKE91 performed linear calculations (damping ratio and
normalized shear modulus equal to unity). Comparing response spectra in Figure 10, the
spectrum from NOAH (nonlinear Iwan model) is most similar to the spectrum from SHAKE91
limiting the depth to 300 m. So, in this study, I have limited the depth to 300 m for nonlinear
calculation for SHAKE91.

1
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Figure 10: Response spectral ratios for 5% damped condition using SHAKE91 for different
depth limits to nonlinear calculations and comparison with response obtained from NOAH
(nonlinear Iwan model: NOAH_SH_IWAN). Black response spectrum is for the surface ground
motion (1g), which when corrected for the free surface amplification (divided by two) becomes
the input ground motion at the bedrock-soil interface.
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Ground Motion Database
Input time series are required for nonlinear site response analysis to get surface motions,
which in turn gives amplification or deamplification at a site. The New Madrid Seismic Zone
(NMSZ), which underlies the ME, is a major earthquake source zone in the region, where
historical earthquake studies have revealed a characteristic sequence of M7.0–M8.0 earthquakes
repeating about every 500 years. Based on this information, acceleration time series for similar
magnitude earthquakes were used for the analysis. In this study, I used the same ground motion
database used for the Memphis Seismic hazard mapping project (Cramer et al., 2004; Cramer,
2006a; Cramer et al., 2014). The ground motion database contains sixteen time-series recordings
from seven earthquakes from the Pacific Earthquake Engineering Research (PEER) center
database and two synthetic M7.5 and M8.0 records for hard rock (Atkinson and Beresnev, 2002).
The earthquakes are listed in Table 4. Each input ground motion record was scaled at the period
of interest to 10 input ground motion levels ranging from 0.01 to 1.0 g: 0.01, 0.05, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.8, and 1.0g. As part of a Monte Carlo site amplification analysis, one scaled input
record was selected randomly and used in a site response analysis as an input ground motion for
one Monte Carlo randomization. Separate Monte Carlo site amplification analyses were
conducted at each period of interest to determine site amplification distributions at that period.
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Table 4. Strong-Motion time series on rock used in analysis
Earthquake
Station
Components
1989 M 6.9 Loma Prieta, California
G01
E, N
1992 M 7.1 Cape Mendocino, California
CPM
E, N
1992 M 7.3 Landers, California
JOS
E, N
1995 M 6.9 Kobe, Japan
KJM
E, N
1999 M 7.4 Kocaeli, Turkey
GBZ
W
IZT
S
1999 M 7.6 Chi Chi, Taiwan
TCU
N, W
1999 M 7.1 Duzce, Turkey
1060
E, N
Atkinson and Beresnev, 2002
M 7.5 and M 8.0 at
Memphis, TN
Cramer, 2006a
Dynamic Soil Properties: Modulus and Damping Curves
The dynamic soil properties (shear modulus and damping curves dependent on strain) are
key parameters in modeling the nonlinear soil behavior in site response (Hardin and Drnevich,
1972). Since there are no published laboratory tested data of dynamic soil properties for the ME
area, I have used published generic dynamic property curves depending on the sediment types.
The overburden pressure due to deep soil deposits in the ME plays an important role in dynamic
soil properties. So, in this study, I have used depth-dependent modulus reduction and damping
curves prepared by the Electric Power Research Institute (EPRI) (1993) for sand. For clay,
plasticity index affects the shear modulus and damping ratio. So, depending upon the ME clay
characteristics, I have used the curves represented by Vucetic and Dobry (1991) for clays having
a plasticity index equal to 30.
Randomization of Input Parameters
There are three major contributions to uncertainty in site amplification estimation in the
ME area: (i) uncertainty in input ground motion; (ii) uncertainty in the soil profile (Vs and
thickness of profile); and (iii) uncertainty in dynamic soil properties. By incorporating such
uncertainties, a remarkable improvement in hazard estimations can be obtained as compared to
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the previous studies (Herrmann et al., 1999), despite limited geologic information. These three
contributors to uncertainty were randomized to account for measurement (epistemic) uncertainty.
The number of randomizations can be set depending upon the type of site response program and
time required to run a program for a single site. SHAKE91, an equivalent linear program, takes a
fraction of a second to run one site response for a profile, whereas NOAH, a nonlinear program,
takes about 5 minutes to 15 minutes (for 3.15 GHz processor) depending on the depth of the half
space and maximum frequency used for the calculation. More than 300 Monte Carlo simulations
may be enough to achieve a stable lognormal standard deviation. However, 30 simulations
produce a stable estimate of the lognormal mean (Silva, 2000, Pacific Engineering, personal
communication to Glenn Rix and Chris Cramer).
In the portion of this study using SHAKE91, a soil profile was randomized 200 times
using the Monte Carlo simulation method. Each randomized soil profile and a scaled random
ground motion record were used as inputs to SHAKE91 for one site response simulation. With
200 simulations, 200 log (base 10) amplification factors were calculated from which a median
amplification with one log standard deviation (confidence level of 68% limit) was estimated.
More specifically, a constant Vs for each geologic layer was randomized from mean Vs with a
two-standard deviation limit (Gomberg et al., 2003) (Table 3). Uncertainties in modulus and
damping curves were considered with a lognormal standard deviation of 0.35 as suggested by
EPRI (1993). Following Cramer (2006a), the variability applied for the depth of a layer boundary
had a standard deviation of 10%. The objective of randomization is to account for the uncertainty
in all input parameters and develop median site-amplification distribution with one log standard
deviation. Using the resulting site-amplification distributions, bedrock ground-motion
attenuation relations are modified to be made grid-point specific in the PSHA calculation. This

29

completely probabilistic approach (Cramer, 2003, 2005) gives more accurate PSHA estimates
(Cramer, 2006a) than the approach using single median amplification factor.
Site Response Analysis Program: Equivalent Linear vs Nonlinear
Previous studies estimated the site response of ME sediments using linear, equivalent
linear, and nonlinear modeling of soil response. Mueller (2000) computed estimates of linear, 1D
site response for the Atlantic and Gulf coastal plain, including the ME. Cramer (2003, 2006a)
estimated site-specific seismic hazard due to deep sediment deposits in the ME. Site response
was simulated using a 1D equivalent linear site response analysis with the program SHAKE91.
SHAKE91 has important limitations in its estimate of seismic hazard and site effects. The use of
the equivalent-linear program for simulation of site response under strong shaking is generally
inappropriate at high ground motion levels (> 0.5 g) as it does not consider the strongly nonlinear
response of the soil (Field et al., 1998). The equivalent linear approach is computationally easy
to use and implement, but it does not show the full range of cyclic behavior of soil, loading
cycles, residual straining of soil and excess pore pressure generation. Other weaknesses of
equivalent linear methods include constant damping, i.e. damping is independent of frequency,
and overestimation of resonant-frequency amplitude and shear stresses. To overcome these
limitations, Assimaki et al. (2000) extended the equivalent linear approach to include frequency
and pressure (depth) dependence of soil dynamic properties.
Under cyclic loading, soil shows nonlinear characteristics that depend on several factors
including amplitude of loading, number of loading cycles, soil type, and in-situ confining
pressure. Considering such nonlinear behavior of soil, Hashash and Park (2001) developed a
finite-element nonlinear code to estimate soil response in deep soils like those within the ME.
Further, Park and Hashash (2005) developed an integrated probabilistic seismic hazard analysis
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procedure that incorporates nonlinear site effects, PSHA-NL, to characterize the influence of the
soils of the ME on seismic site coefficient. PSHA-NL applies the nonlinear methodology to the
2002 USGS hazard maps and generates a compatible set of ground motion records. A significant
difference between the USGS and PSHA-NL approaches is that instead of using attenuation
relationships, PSHA-NL uses ground motion time histories developed from the sets of magnitude
and source-to-site distance information obtained from the source characterization process.
PSHA-NL was further enhanced by incorporating a finite fault model, PSHA-NL (FF), and the
inclusion of randomized soil-column properties representing the ME to evaluate depth-dependent
site coefficients (Hashash et al., 2008). These site coefficients are short period and long period
ground motion amplifications. The important limitation of this method is its high computational
demand run time (about 8 hours per site on a 2.5 GHz desktop PC).
Hartzell (2004) compared linear vs nonlinear site response programs and suggested that
the nonlinear formulation is appropriate for site classes D and E at all input ground motion
accelerations and for site classes BC and C with input motions greater than a few tenths of the
acceleration of gravity (g). Because the time-averaged shear-wave velocity in the top 30 meters
ranges from 220 m/s to 800 m/s in the ME, which corresponds to site classes B, C, and D, a
nonlinear soil response program is appropriate. Malekmohammadi (2013) used NOAH
(nonlinear Iwan model), which is a nonlinear finite-difference site-response code (Bonilla et al.,
1998; Bonilla, 2000), in a study of amplification factors confined to sites in the ME that have soil
depths of 70, 140, 400, and 750 m above a generic bedrock surface.
In this study, I use SHAKE91 as a primary program for site response analysis despite its
limitations in order to derive amplification distributions at a grid of sites for use in probabilistic
seismic hazard and liquefaction analyses. It can perform site response analysis of one soil profile
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in a fraction of a second. This very low computational calculation time is a big advantage to
carry out this type of study in which we have to repeat site response simulations numerous times.
I have randomized each profile 200 times for 10 scaled ground motions for 4 different periods
(PGA, 0.2 s SA, 0.3 s SA, and 1.0 s SA). However, in this study I have shown the maps
corresponding to only two periods: PGA representing short periods and 1.0 s SA representing
long periods. The number of site response analyses with the above combinations for 639 sites
was 5,112,000. Using the High Performance Computing facility of the University of Memphis,
the total time taken to carry out all site response analyses was less than 24 hours using 64 cores.
One limitation for SHAKE91 regarding deep sediments as discussed earlier was overcome by
limiting the nonlinear calculation to a sediment thickness of 300 m. Cramer (2006a) also
suggested this limiting depth to 300 m. I have also compared the response spectra obtained from
SHAKE91 and from NOAH (nonlinear program, Iwan model) and found 300 m depth as a
suitable one for limiting the nonlinear calculation when the equivalent-linear approach is used
(Figure 10). Besides SHAKE91, I used nonlinear programs such as SeismoSoil (Shi and
Assimaki, 2017), Deepsoil (Hashash and Park, 2001), and NOAH (Nonlinear Anealistic
Heasteric) (Bonilla et al., 1998, 2005) to show the effect of pore pressure effects. This is
described in more detail in Chapter 6: Pore Pressure Effects. However, I used NOAH (nonlinear
Iwan model) to compute amplification distributions at zone 6 and zone 7 for the PSHA
calculations and compare such calculations with those obtained from SHAKE91.
There are two versions of NOAH. One is based on the Iwan model (Iwan, 1967), which
does not take into account pore pressure effects and referred to as NOAH_SH_IWAN hereafter.
In previous sections, it was mentioned as NOAH (nonlinear Iwan model). Another version of
NOAH that computes the effect of excess pore pressure is referred to as NOAH hereafter.
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NOAH is based on a multishear mechanism model (Towhata and Ishihara, 1985), which is
implemented to simulate pore pressure generation in sands under cyclic loading and undrained
conditions. Due to a lack of soil dilatancy parameters, I did not use NOAH to calculate PSHA for
the study region. However, for comparison purposes, I used NOAH at one location with some
published soil dilatancy parameters. I used NOAH_SH_IWAN as a nonlinear code to calculate
PSHA for a part of the region. This nonlinear program has a high computational demand, so I
randomized each profile only 60 times with 10 scaled ground motions at only 2 periods (PGA
and 1sec). I used 70 locations of zone 6 to represent upland loess and 144 locations of zone 7 to
represent lowlands alluvium. So, the total number of site response analyses carried out was
reduced to 256,800. The average time for performing one analysis is 10 min (for 3.1 GHz
processor) for a total of about 14 days to obtain the site amplification distributions for these sites.
All the jobs were submitted to the High Performance Computing facility at the University of
Memphis. The facility provided 128 cores rather than the usual 64 cores so that I was able to
submit 128 jobs at once, i.e. run 128 site response analyses simultaneously.
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CHAPTER 3
SEISMIC HAZARD ANALYSIS
I have prepared both probabilistic and deterministic seismic hazard maps of the ME. I
have adopted a completely probabilistic (Cramer, 2003, 2005) and time effective approach
(Cramer, 2011) for the calculation of hazard values. Probabilistic maps express hazard in terms
of the levels of horizontal ground shaking that have a specified chance of being exceeded in a
given period of time. For a given site, the probability (P) of exceeding specific ground motion
(Reiter, 1990, equation 10.2) is
P(A>A/ ) =

% α% 3 2 f%

(M)f% (R) P(A>A/ | M,R) dR dM

(1)

where, ground motion parameter A (PGA or SA) is exceeded to a particular value of A0, 45 is the
annual rate of occurrence of the ith source, M and R are magnitude and distance respectively,
fi(M) and fi(R) are probability density distribution of earthquake magnitude of the ith source and
distance from the ith source respectively, and | is a conditional probability symbol.
The example statement expressing probabilistic seismic hazard by the Federal Emergency
Management Agency (FEMA), 2007 is “The earthquake hazard for the site is a peak ground
acceleration of 0.28g with a 2 percent probability of being exceeded in a 50-year period”. For
deterministic seismic hazard analysis only one earthquake source is considered to determine
hazard at a site. The deterministic maps express hazard in terms of the levels of horizontal
ground shaking that are expected due to a specified fault with a specified magnitude at a
specified distance. The example statement expressing deterministic seismic hazard by FEMA is
“The earthquake hazard for the site is a peak ground acceleration of 0.35g resulting from an
earthquake of magnitude 6.0 on the Balcones Fault at a distance of 12 miles from the site”.
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Probabilistic Seismic Hazard Analysis
Probabilistic seismic hazard analysis (PSHA), first developed by Cornell (1968),
generally accounts for the uncertainties in the size, location, rate of recurrence of earthquakes,
and the variation of resulting ground motion characteristics in the estimation of the seismic
hazard (Park and Hashash, 2004). USGS national seismic hazard maps (NSHMs) are developed
for a reference site condition of “firm-rock” (760 m/s time-average shear wave velocity, Vs, in
the upper 30 m, i.e. Vs30), which is identified as a B/C boundary condition according to the
National Earthquake Hazard Reduction Program (NEHRP) site classification scheme. These
maps are developed for three ground motion parameters (PGA and 5% damped response spectral
accelerations at 0.2 and 1.0 s period) and three probabilities of exceedances (2%, 5%, and 10% in
50 years) throughout the United States. Every six years, the NSHMs are updated, with the 2014
NSHMs (Petersen et al., 2014) being the most recent version. The 2008 and 2014 NSHMs
generally have similar appearances; however, some hazard values differ from the prior values by
plus or minus 20 percent over broad regions and can reach plus or minus 40 percent at some sites
(Petersen et al., 2014). In the following figures, I show the 2014 NSHMs with no local geologic
effects, prepared for 2% in 50 years (Figure 11), 5% in 50 years (Figure 12), and 10% in 50 years
(Figure 13) probability of exceedance for PGA and 1.0 s SA to compare with maps produced in
this study having local geologic effects.
The computed hazard by the USGS at a reference site condition does not represent the
hazard for an actual site condition. To account for the local site effects, the USGS national
hazard maps are used with NEHERP site coefficients (FEMA, 1998). The site coefficients are
based on Vs30, which was derived for California site conditions and can be a poor metric for the
deep sediments of the ME region. To account for the effects of deep sediments, standard practice
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in calculating a site-specific probabilistic ground motion is to multiply probabilistic bedrock
ground motion by a deterministic site-amplification factor (Toro and Silva, 2001). The
amplification factor is a median value of the site-amplification distribution, and, because there
are uncertainties in input motions and in other parameters (Vs, density, soil profile, dynamic soil
properties) that are not included, the resulting ground motion will not be completely
probabilistic. With this state-of-practice approach, the estimated surface ground motions will not
have the probability specified for the bedrock motions, and, at large ground motions (>0.3 g),
hazard curves will underestimate the true probability of exceedance of the ground motion
(Cramer, 2003, Figure 2; Cramer et al., 2004).

g
a.

(a)

(b)
Figure 11: Ground motions with a 2% probability of exceedance (PE) in 50 years and time
averaged shear-wave velocity of the upper 30 meters (Vs30) site condition of 760m/s (a) PGA
and (b) 1s SA.
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g
a.

(a)

(b)
Figure 12: 5% PE in 50 years and Vs30 site condition of 760 m/s (a) PGA and (b) 1.0 s SA.

g
a.

(a)

(b)
Figure 13: 10% PE in 50 years and Vs30 site condition of 760 m/s (a) PGA and (b) 1s SA

37

To account for the uncertainties in input ground motions, dynamic soil properties, Vs,
and soil profile sediment thickness, Cramer (2003, 2005) introduced a new approach for seismic
hazard calculations which preserves the fully probabilistic nature of the surface ground motion
hazard. This approach was used to prepare the first Memphis urban seismic hazard maps
(Cramer et al., 2004). In this approach, hazard at a site is calculated by incorporating an
appropriate site amplification distribution with the rock hazard ground motion attenuation within
the hazard integral such that rock ground motion attenuation is altered to soil ground motion
attenuation.
The site amplification distribution P(sa) is the probability of ground motion for the soil
site condition (As) given an input of ground motion on bedrock (Ar) and is represented by
P(sa) = P(As | Ar)

(2)

In equation 1, P(A>A0 | M,R) is a ground motion attenuation relation, which is a bedrock ground
motion attenuation relationship for eastern North America (ENA) such that,
P(A>A0 | M,R) = P(Ar>A0 | M,R)

(3)

The bedrock ground motion attenuation relation, P(Ar>A0 | M,R), within the hazard integral is
altered to site-specific attenuation relation, P(As>A0 | M,R), by applying the appropriate site
amplification distribution P(As | Ar). Thus, in equation 1, A = As and P(A > A0 | M,R) becomes
P(As>A0 | M,R) for a soil site, and

where
and

P(As>A0 | M,R) = 1 - ∫Ar P(As < A0 | Ar) P(Ar | M,R)dAr

(4)

P(As < A0 | Ar) = ∫As:-¥®A0 P(As = A0 | Ar) dA

(5)

P(Ar | M,R) = d[1 - P(A > Ar | M,R)] / dA.

(6)

Basically, the site amplification distribution alters the rock hazard curve to a soil hazard curve
for each earthquake in the hazard model before they are summed into the final soil hazard curve.
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The limitation of this approach is that when the soil profile is modified, the entire hazard analysis
must be redone making the computational time very high.
To overcome this limitation of the Cramer (2003, 2005) approach, Cramer (2011)
implemented an alternative approach for the St. Louis Area Earthquake Hazard mapping Project
(SLAEHMP). The alternative methodology considers the site amplification distribution outside
the hazard integral to modify the complete hard-rock hazard curve to a soil-specific hazard curve
for the site, which saves recalculating the hazard every time the soil profile is updated and
improved the computational time by a factor of 5 or more.
Summing the site–specific hazard curves obtained from the modification of the bedrock
hazard curve for each earthquake in the hazard model produces total site–specific hazard curve.
Instead of modifying the bedrock hazard curve every time, the total bedrock hazard curve from
the hard-rock hazard calculation can be modified directly by the site amplification distribution to
make it site-specific:
P(As > A0) = 1 - ∫Ar P(As < A0 | Ar) P(Ar)

(7)

where P(As < A0 | Ar) is given by equation 5, and P(Ar) is from the total hard rock hazard curve
and is given by
P(Ar) = d[1 - P(Ar > A)] / dA.

(8)

This can be done because the site amplification distribution is explicitly independent of
earthquake magnitude and distance and thus can be pulled outside of the seismic hazard integral.
Comparisons between these two approaches of inside and outside the hazard integral (Figure 14)
for St. Louis indicate that both approaches yield essentially the same hazard result (Cramer,
2011).
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Outside Hazard Integral (soil amplification)
Hard-Rock
Hazard Curve
(no soil amplification)

Inside Hazard Integral
(soil amplification)

Figure 14: Comparison of inside and outside the hazard integral approach at a site in a St. Louis
area (Cramer, 2011).
In this study, I have adopted the alternative approach used for the St. Louis urban seismic
hazard maps (Cramer, 2011). The randomization process requires lots of soil profile
modification. The outside the hazard integral approach prevents repeated calculations of rock
hazard avoiding the unnecessary computational time (Cramer et al., 2013, 2015, 2017). The flow
chart in Figure 15 shows the steps involved to integrate an amplification distribution with a rock
hazard curve to alter it into a soil hazard curve, which then feeds in to the preparation of seismic
hazard maps with the effects of local geology.
I have used the same earthquake source and earthquake wave propagation model as the
2014 NSHMs to address earthquake hazard through the area. The completely probabilistic
approach requires site amplification distributions to incorporate into (convolve with) rock hazard
curves to alter them into soil hazard curves. The amplification distributions are produced from
site amplifications which are obtained from numerous site response simulations. I have used
SHAKE91, an equivalent linear analysis, and NOAH_SH_IWAN, a fully nonlinear analysis, to
perform the site response analyses.
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USGS National
Hazard Source
Model 2014
Rock Hazard Curve

Rock Attenuation
Relations
(Petersen, 2014)
Model

PSHA at
bedrock

Monte Carlo Estimation

Input Parameters
Dynamic Soil
Properties
Soil layers
Vs
Time
Histories

Randomly sampled from
the range of soil
boundaries, Vs values,
dynamic soil properties,
and time histories
Site response analysis

Soil-surface
Hazard Curve

PSHA with
local Geology

Calculate corresponding
soil amplification and
develop amplification
distribution

After N Estimates
Estimate median and
uncertainty in site
amplification

N= Number of Randomizations

Figure 15: Flow chart showing the steps involved to integrate amplification distribution with rock hazard curves to generate soil
hazard curves and prepare a soil-specific seismic hazard map.
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To account for uncertainties in SHAKE91 inputs, such as input motions, Vs, layer
thickness, and dynamic soil properties, each soil profile was randomized with a Monte Carlo
procedure 200 times for one level of scaled ground motion for a given period. From 200
amplification factors obtained from such a procedure, amplification distributions were generated
where the distribution could be described in terms of median (logarithmic mean) and logarithmic
standard deviation, i.e. these distributions were assumed to be lognormal in form. These site
amplification distributions with uncertainties were integrated with rock hazard curves to get soil
hazard curves and then seismic hazard maps with local site effects. The probabilistic seismic
hazard maps with the effect of local geology were generated for 2% in 50 years (Figure 16), 5%
in 50 years (Figure 17), and 10% in 50 years (Figure 18) probability of exceedance for PGA and
1.0 s SA. These maps are referred to as SHAKE PSHA maps.
To account for the nonlinear effect more accurately, I have used NOAH_SH_IWAN, a
nonlinear site response program. Due to its higher computational demand, I have randomized
soil profiles only 60 times for a given level of ground motion for a given period. The analysis
was performed over the full embayment soil depth to catch overall nonlinear effects of a profile.
The hazard analysis was limited to zone 6 representing upland geology and zone 7 representing
lowland geology. Probabilistic seismic hazard maps with the effects of local geology were
generated for 2% in 50 years (Figure 19), 5% in 50 years (Figure 20), and 10% in 50 years
(Figure 21) probability of exceedance for PGA and 1.0 s SA. These maps are referred to as
NOAH PSHA maps.
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g
a.

(a)

(b)
Figure 16: 2% PE in 50 years with local site effects using SHAKE91 for (a) PGA and (b) 1.0 s
SA.

g
a.

(a)

(b)
Figure 17: 5% PE in 50 years with local site effects using SHAKE91 for (a) PGA and (b)1.0s SA
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g
a.

(a)

(b)
Figure 18: 10% PE in 50 years with local site effects using SHAKE91 for (a) PGA and (b) 1.0 s
SA.

g
a.

(a)

(b)

Figure 19: 2% PE in 50 years with local site effects using NOAH_SH_IWAN for (a) PGA and
(b) 1.0 s SA.
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g
a.

(a)

(b)
Figure 20: 5% PE in 50 years with local site effects using NOAH_SH_IWAN for (a) PGA and
(b) 1.0 s SA.

g
a.

(a)

(b)
Figure 21: 10% PE in 50 years with local site effects using NOAH_SH_IWAN for (a) PGA and
(b) 1.0 s SA.
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Deterministic Seismic Hazard Analysis
I have prepared deterministic seismic hazard maps of the ME area. Such hazard maps are
based on the hazard expected from only one controlling earthquake of specified magnitude and
the grid-point source to site distance. The maps show hazard at a site due to a specified
earthquake; however, they do not specify any time for future events. In such maps only median
site amplification is applied. Median site amplification is used to convert median hazard-rock
scenario ground motions to median geology-specific scenario ground motions. The median as
applied in this case is a mean logarithmic value (of ground motion). The deterministic maps
represent the median ground motion expected for a given scenario earthquake, which is the
ground motion one expects to be exceeded 50 percent of the time when that scenario earthquake
occurs (Cramer et al., 2004).
The controlling earthquake used in this study for deterministic seismic hazard analysis is
an event on the southwest arm of the New Madrid seismic zone (NMSW), which last occurred
on 16 December 1811. Cramer and Boyd (2014) estimated that the magnitude of this event is
M7.5. This event is the likely most damaging earthquake in the ME area. I refer to this event as
NMSW7.5. For the NMSW7.5 event, deterministic seismic hazard maps are produced for a hardrock condition for PGA and 1.0 s SA (Figures 22 a, b). To add local site effects, median site
amplification generated from both site response programs, SHAKE91 and NOAH_SH_IWAN
are applied to the hard rock ground motions. The deterministic seismic hazard maps with local
site effects for PGA and 1.0 s SA using SHAKE91 are termed SHAKE NMSW7.5 PGA and
SHAKE NMSW7.5 1.0 s SA (Figures 23 a, b). Similarly, the hazard maps with median site
amplification obtained from NOAH_SH_IWAN is termed NOAH NMSW7.5 PGA and NOAH
NMSW7.5 1s SA (Figures 24 a, b).
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g

(a)

(b)
Figure 22: Deterministic seismic hazard map (NMSW7.5) for hard rock condition for (a) PGA
and (b) 1.0 s SA.

g

(a)

(b)
Figure 23: Deterministic seismic hazard map adding site effects from SHAKE91 (SHAKE
NMSW7.5) for (a) PGA and (b) 1.0 s SA
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g
(a)

(b)
Figure 24: Deterministic seismic hazard map adding site effects from NOAH_SH_IWAN
(NOAH NMSW7.5) for (a) PGA and (b) 1.0 s SA.
Seismic Hazard Maps: Discussion
I have prepared probabilistic seismic hazard maps adding local site conditions based on
SHAKE91 and NOAH_SH_IWAN which are termed as SHAKE PSHA maps and NOAH PSHA
maps, respectively. Shown in Figure 16 (a and b) are SHAKE PSHA maps for 2% in 50 years
probability of exceedance for PGA and 1.0 s SA respectively. The seismic hazard ranges from
0.33 g to 1.8 g in the lowlands and 0.26 g to 1.5 g in the uplands for PGA. Similarly, for 1.0 s SA
the seismic hazard ranges from 0.29 g to 1.6 g in the lowlands and 0.15 g to 1.65 g in the
uplands. Compared to the 2014 USGS NSHM (Figure 11a), for 2% in 50 years probability of
exceedance for PGA, the lowlands hazard (Figure 16a) is deamplified by 50% in general due to
the nonlinear soil behavior, whereas the uplands hazard is amplified by 50%–100%. Compared
to the USGS NSHM at long period (1.0 s, Figure 11b), the nonlinear soil response is reduced
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such that both uplands and lowlands seismic hazards are increased by 50%–100% (Figure 16b)
in general, but higher amplification (100%–200%) occurs near the edge of the embayment area.
In comparison with USGS national maps for 5% in 50 years (Figure 12) and 10% in 50 years
(Figure 13) probability of exceedance for PGA and 1.0 s SA, the trend of amplification and
deamplification in the lowlands and uplands for 5% in 50 years (Figure 17) and 10% in 50 years
(Figure 18) probability of exceedance for PGA and 1.0 s SA are similar to that of 2% in 50 years
probability of exceedance level, though the hazard levels are decreased with increasing in
probability of exceedance level.
To check the general ratio of soil hazard values to rock hazard values, I prepared soil
hazard value divided by rock hazard value maps. A ratio greater than one means ground motions
are amplified relative to rock motions and less than one means ground motions are deamplified.
These ratio maps for PGA (Figure 25a, Figure 26a, and Figure 27a) show that at all levels of
probability of exceedance the seismic hazard is decreased by 50% in the eastern lowlands and
increased by 50%–100% in the uplands. However, the seismic hazard is increased in the western
lowlands, which might be due to the basin edge effects. In general, for 1.0 s SA, ratio maps
(Figure 25b, Figure 26b, and Figure 27b) show that at all probability of exceedance levels the
hazard is increased by 100% or more over the entire Mississippi Embayment area. Deep
sediments of the lowlands deamplify high frequency ground motions due to soil nonlinearity,
whereas the uplands sediments amplify the ground motions. For long periods, nonlinearity is not
as significant, resulting in amplification over much of the embayment.
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(a)

(b)
Figure 25: Ratio of 2% PE in 50 years of SHAKE PSHA maps and 2014 USGS national maps
for (a) PGA and (b) 1.0s SA.

(a)

(b)
Figure 26: Ratio of 5% PE in 50 years of SHAKE PSHA maps and 2014 USGS national maps
for (a) PGA and (b) 1s SA.
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(a)

(b)
Figure 27: Ratio of 10% PE in 50 years of SHAKE PSHA maps and 2014 USGS national maps
for (a) PGA and (b) 1.0s SA.
I have prepared a series of maps that show the difference between the SHAKE PSHA
hazard values and NOAH PSHA hazard values. The input parameters used by both methods are
the same. So, these difference maps are helpful for estimating the uncertainties obtained from
different types of site response codes. The comparisons are limited to zone 7 representing the
lowlands and zone 6 representing the uplands. The SHAKE PSHA maps for 2% in 50 years
probability of exceedance for PGA show 0.2 g to 0.3 g higher ground motions in comparison to
that for the NOAH PSHA maps whereas in the northern part the values are lowered by 0.1 g to
0.2 g (Figure 28a). For 5% in 50 years and 10% in 50 years probability of exceedances for PGA,
the difference is up to 0.2 g in most part of the lowlands and 0.1 g to 0.3 g lower in northern and
southern parts of the area (Figures 29a and 30a). For all levels of probability of exceedance for
1.0 s SA maps (Figure 28b, Figure 29b, and Figure 30b), NOAH PSHA values are 0 to 0.2 g
higher in comparison to SHAKE PSHA except in some portion of the northern part where the
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difference is up to 0.5 g. In general, the difference in hazard values is ±0.2 g. This lower
difference value of g shows that the depth limit of 300 m assigned for the nonlinear calculation
for SHAKE91 is acceptable.
I have prepared deterministic seismic hazard maps adding the effects of local geology
based on the amplification from SHAKE91 and NOAH_SH_IWAN, and termed as SHAKE
NMSW7.5 maps and NOAH NMSW7.5 maps. Both types of maps are generated for PGA and
1.0 s SA. Along the NMSW zone, the PGA deterministic hazard for SHAKE NMSW7.5 is 0.8 g
– 1.0 g and that for NOAH NMSW7.5 is 0.4 g – 0.6g (Figures 23a and 24a). Compared with the
PGA deterministic hazard map for rock condition (Figure 22a), the hazard values are decreased
in the lowlands along the NMSW zone by 50% – 70%. This is due to the nonlinearity of soil
from high ground motion produced by a large magnitude (7.5 M) earthquake (Figure 23a and

g

(a)

(b)
Figure 28: Difference of 2% PE in 50 years between SHAKE PSHA maps and NOAH PSHA
maps for (a) PGA and (b) 1.0 s SA.
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g

(a)

(b)
Figure 29: Difference of 5% PE in 50 years between SHAKE PSHA maps and NOAH PSHA
maps for (a) PGA and (b) 1.0 s SA.

g

(a)

(b)
Figure 30: Difference of 10% PE in 50 years of SHAKE PSHA maps and NOAH PSHA maps
for (a) PGA and (b) 1.0 s SA.
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Figure 24a). However, the values are increased in the uplands. For 1.0 s SA, there is no
significant nonlinearity in most of the study area, which results in high amplification (Figure 23b
and Figure 24b) around the NMSW zone. About 0.6 g of rock hazard is amplified to 0.8 g – 0.9 g
for 1.0 s SA.
For all deterministic maps, I tried to make an identical color scale with high value of 1.0
g using a red color. Except for the NMSW7.5 PGA map (Figure 22a), all other maps possess the
highest value, which is less than 1 g. Because the highest value of g for NMSW7.5 PGA map is
1.9 g, I have added two more color classes, pink for 1g to 1.5 g and white for 1.5 g to 2 g. The
other deterministic maps (Figure 23 and Figure 24) including NMSW7.5 1.0 s SA (Figure 22b)
have a sufficiently large variation of the color scale such that the hazard values can be depicted
clearly in the figures.
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CHAPTER 4
LIQUEFACTION HAZARD ANALYSIS
I have prepared probabilistic and deterministic liquefaction hazard maps of the ME. The
base maps for these maps are the seismic hazard maps which are discussed in the previous
sections. Liquefaction potential index (LPI) curves, which are a function of PGA and magnitude,
are combined with seismic hazard curves to produce liquefaction hazard curves from which
liquefaction hazard maps are produced. Besides LPI curves, other pieces of information
important for liquefaction hazard analysis are surface geology and groundwater table depth (GT
depth). I have adopted these three parameters from previous studies, which are described below.
Surface Geology
Surface geology is one of the sensitive parameters for liquefaction hazard analysis. An
LPI curve is generated for each surface geology specification. If the surface geology is not
properly mapped, then an incorrect LPI curve will be assigned to that area giving false hazard
values. I adopted uplands and lowlands surface geology from different sources. The uplands
surface geology is basically a loess deposit, which is thicker in the bluff and thinning towards the
east. The eastern boundary of the loess deposit is traced from the Tennessee Geologic Map
(Hardeman,1966), and the border is also shown in Figure 2. Crowley’s Ridge has the same
surface geology as that of the uplands. From the zonation map (Figure 7), zone 1 (cretaceous at
the top), zone 2 (Midway Groups at the top), zone 3 (Memphis sand at the top), and zone 4
(Upper Claiborne at the top) are not capped with loess deposits and in addition zone 1 and zone 2
are composed of sediments that are not liquefiable. So, these four zones are excluded from
liquefaction hazard analyses.
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For the lowlands surface geology, I have used the surface geologic map of Van Arsdale
and Cupples (2013) (Figure 31) and Saucier (1994b) (Figure 32). In general, these maps are very
similar in the eastern lowlands (east of Crowley’s Ridge); however, the Holocene sediments are
mapped in detail by Saucier (1994b) based on sediment types and age. So, I used the Holocene
layer from Saucier (1994b). There are two types of Holocene sediments: Hchm (neck and chute
cutoff) and Hpm1 (modern point bar). The age of the Holocene deposits is < 10 ka. The
Pleistocene sediments Pvl1 (braid belt, late Wisconsin) and Pvl2 (braid belt, late Wisconsin) of
Saucier (1994a) are equivalent to the Morehouse and Kennett surface geology of Van Arsdale
and Cupples (2013), respectively. The difference between Pvl1 and Pvl2 is the age of sediment
deposits. The Pvl1 (12 ka) is younger than Pvl2 (14–26 ka). For the surface geology of the
western lowlands (west of Crowley’s Ridge), I have adopted them from Van Arsdale and
Cupples (2013) as the deposits are mapped with a distinct sediment age, which is Early
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Pleistocene (20–63 ka). All these geologic layers are available in ArcGIS shape file format from
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Figure 31: Surface Geologic Map of ME area (modified from Van Arsdale and Cupples, 2013).
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Figure 32: Surface Geologic
Map of eastern lowlands of ME area (modified from Saucier
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and chute cutoff); Hpm1 (modern point bar); Pvl1 (braid belt, late
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DESCRIPT

Groundwater Table (GT) Depth

Hchm
For the lowlands Hpm1
geology, Holzer et al. (2011, 2013, 2015) have used GT depth of 1.5 m
Pvcl
and 5 m to generate LPI curves.
Pvl1 1.5 m is an assumed GT depth for the 1811–12 scenario to
Pvl2

model the effects of 1811–12 events. At present, the GT depth should be lower due to extraction
of groundwater and past drainage efforts. So, 5 m is an assumed GT depth for the present
situation in the ME. Analyzing the groundwater depth from a 2005 study of well logs collected
from the Ground Water Institute (GWI) of the University of Memphis, I found that the average
GT water table depth in alluvium is around 4.2 m (Dhar et al., 2015). So, the 5 m GT depth by
Holzer et al. (2011, 2013, 2015) is an acceptable value. For the uplands, the GT depth is deeper
(average of 10 m GT depth with values as deep as 40 m) in comparison to lowlands (Dhar et al.,
2015). Assigning GT depth of 1.5 m and 5m is not logical for the uplands. So, I used an
interpolated GT depth (Cramer et al., 2015) for the uplands. The interpolated GT depth is from
the well log study in 2005 by the GWI.
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Liquefaction Potential Index (LPI) Curves
LPI curves are a function of PGA and earthquake magnitude (M). LPI curves describe the
probabilities of exceeding a specified LPI value (n), PLPI > n, as a function of PGA and M, which
can be represented as
PLPI > n = P(LPI > n | PGA/MSF)
MSF is the magnitude scaling factor that corrects for moment magnitudes other than 7.5 and
MSF = 102.24 / M2.56.
An LPI curve for a specified geologic unit is prepared from LPI values associated with
soil profiles distributed over that geologic unit. It should be noted that these soil profiles are not
the distribution of interpolated soil profiles of Figure 8. A single LPI value is calculated for a soil
profile for a specified GT depth based on the factor of safety (FS) of each layer within that soil
profile. Seed and Idriss (1971), Youd et al. (2001), and Youd and Idriss (2001) developed a
“simplified procedure” to determine the factor of safety (FS) against liquefaction for each site.
The factor of safety is given by
FS =

CRR &.(
× MSF
CSR

where CRR7.5 is the cyclic resistance ratio for a magnitude 7.5 earthquake, CSR is the cyclic
stress ratio.
The factor of safety is subsequently used to calculate the liquefaction potential index
(LPI) defined by Iwasaki et al. (1978, 1982):
2

LPI =

F/ w/ z/
/34

where wi is the depth-dependent weighing function of ith layer given by
w/ = 10 − 0.5z/ ,
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zi = depth of ith layer from the ground surface (0 – 20 m),
n = number of layers in a profile,
Fi is the degree of severity of ith layer calculated according to
Fi = 1 – FSi

for 0 £ FSi £ 1

Fi = 0

for FSi > 1.

After calculating LPIs all over a single surface geologic unit, the probability of exceeding
a particular LPI value is determined. LPI > 5 is the empirical LPI threshold value for surface
manifestations of liquefaction reported by Toprak and Holzer (2003). Romero-Hudock and Rix
(2005) and Cramer et al. (2015) have used LPI > 5 for surface manifestation of liquefaction
effects and LPI > 15 for severe liquefaction. I used only LPI > 5 as I am interested in the surface
manifestation of liquefaction effects in the area.
I used LPI curves from Holzer et al. (2011) for the lowlands alluvium and from Cramer et
al. (2015) for the uplands loess. The Holzer’s curves were originally developed for 14 different
types of surficial geologic units using 927 cone penetration tests. Among them I have used LPI
curves prepared for Hchm, Hpm1, Pvl1, and Pvl2 surface geologic units belonging to the
Mississippi Valley. Holzer et al. (2011) generated two LPI curves for each surface geologic unit,
assuming GT depths of 1.5 m (Figure 33a) and 5 m (Figure 33b). In the course of updating
seismic and liquefaction hazard maps of Shelby County, Cramer et al. (2015) updated LPI curves
for upland loess. I used the Cramer et al. (2015) LPI curve for the uplands (Figure 34), which is
based on interpolated GT depth. So, there are two LPI curves for each surface geology in the
lowlands and one LPI curve for the uplands. Based on these curves, the liquefaction hazard maps
presented in later sections have two types of liquefaction hazard maps using 1.5 m and 5.0 m GT
depth for the lowlands and only one type of map using interpolated GT depth for the uplands.
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Figure 33: Liquefaction potential index curves for (a) 1.5m GT (b) 5m GT (Holzer et al., 2013).
Four LPI curves (Hpm1, Hchm, Pvl1, and Pvl2) are used in this study.
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Figure 34: Liquefaction potential index curves for Upland loess with interpolated GT depth
(Cramer et al., 2015).
Some investigators (Mesri et al., 1990; Schmertmann, 1991; Mitchell, 2008) have pointed
out the process of sand aging, in which old deposits increase in stiffness, penetration resistance,
and liquefaction resistance over time. Holzer et al. (2013, 2015) applied a correction value of 1.6
(following Leon et al., 2006) for the age correction for these effects while developing LPI curves
for Pleistocene deposits. However, investigators (e.g., Andrus et al., 2009) have also assumed
60

that shaking from previous big earthquakes and liquefaction of an older deposit destroys the
effects of sand aging. The reliability of a generic age correction is unclear (Hayati et al., 2008).
So, I adopted the LPI curves without age correction. The other reason for not choosing age
correction is that the most liquefiable zones in the ME, the eastern lowlands, consist mostly
Holocene and young Pleistocene sediments.
Probabilistic Liquefaction Hazard Analysis
I have prepared both probabilistic and deterministic liquefaction hazard maps of the ME.
I have adopted the approach of Cramer et al. (2008) to produce ME liquefaction hazard maps. An
LPI curve is combined with an individual seismic hazard curve inside the hazard integral to
produce liquefaction hazard curves from which liquefaction hazard maps are produced. If P0 is a
probability that PLPI > n will be exceeded, the seismic hazard integral represented by equation 1
can be rewritten as a liquefaction hazard integral (Cramer et al., 2008) and is given by
P (PLPI > n > P0) = Si ai òM òR fi(M) fi(R) P(PLPI >n > P0 | A>A0, M) P(A>A0 | M, R) dR dM
where, A0 is the liquefaction potential curve value of PGA for an event of magnitude M at P0,
P(PLPI >n > P0 | A>A0, M) is the liquefaction potential cumulative probability relation, and
P(A>A0 | M, R) is the ground motion attenuation relation. Other terminologies are as described
in equation 1. The flow chart in Figure 35 shows the steps involved to integrate the amplification
distribution and LPI curves with rock hazard curves to alter them into liquefaction hazard curves
and prepare liquefaction seismic hazard maps.
I have prepared probabilistic liquefaction hazard maps from both SHAKE PSHA and
NOAH PSHA maps which are further referred to as SHAKE probabilistic liquefaction hazard
analysis (SHAKE PLHA) maps and NOAH probabilistic liquefaction hazard analysis (NOAH
PLHA) maps. All types of liquefaction hazard maps are for PGA condition and the hazard is
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Figure 35: Flow chart showing the steps involved to integrate amplification distribution and LPI curves with rock hazard curves
to generate liquefaction hazard curves and prepare a liquefaction seismic hazard maps.
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expressed in terms of probability of exceeding (PE) LPI > 5. SHAKE PLHA maps were
generated using PGA having a 2% in 50 years (Figures 36 a, b), 5% in 50 years (Figures 37 a, b),
and 10% in 50 years (Figures 38 a, b) probability of exceeding LPI > 5 for 1.5 m and 5.0 m GT
depth for lowlands. The uplands portion of the maps were generated for interpolated GT depths.
Similarly, NOAH PLHA maps were generated using PGA having a 2% in 50 years (Figures 39 a,
b), 5% in 50 years (Figures 40 a, b), and 10% in 50 years (Figures 41 a, b) probability of
exceeding LPI > 5.
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Figure 36: Liquefaction hazard maps for 2% PE in 50 years based on SHAKE PSHA for
(a) 1.5 m GT depth and (b) 5.0 m GT depth.
Note: Uplands have only one condition based on interpolated GT depth.
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Figure 37: Liquefaction hazard maps for 5% PE in 50 years based on SHAKE PSHA for (a) 1.5
m GT depth and (b) 5.0 m GT depth.
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<VALUE>

Basically, all types of liquefaction hazard maps are prepared by a “cookie cutter”
approach (Cramer et al., 2008). In this approach, any one LPI curve is used to calculate
liquefaction hazard values over the entire study area. Then the surface geology associated with
that LPI curve is used to extract an area, such that there is a portion of the liquefaction hazard
map associated with a specific surface geologic unit with its LPI curve. Similarly, other portions
of a map are also produced from the remaining surface geologic units and their respective LPI
curves. After preparing all the portions of a map, they all are joined together to get a single
liquefaction hazard map. The ArcGIS spatial analysis tool, “extract by mask” option is used to
extract an appropriate portion of a map using a surface geology polygon.
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LPI >5
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Figure 39: Liquefaction hazard maps for 2% PE in 50 years based on NOAH PSHA for (a) 1.5 m
GT depth and (b) 5.0 m GT depth.
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Figure 40: Liquefaction hazard maps for 5% PE in 50 years based on NOAH PSHA for (a) 1.5 m
GT depth and (b) 5.0 m GT depth.
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Figure 41: Liquefaction hazard maps for 10% PE in 50 years based on NOAH PSHA for (a) 1.5
m GT depth and (b) 5.0 m GT depth.
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Deterministic Liquefaction Hazard Analysis
I have prepared deterministic liquefaction hazard maps by combining LPI curves with the
SHAKE NMSW7.5 scenario ground motions and termed them SHAKE NMSW7.5 1.5 m GT
(Figure 42a) and SHAKE NMSW7.5 5.0 m GT (Figure 42b) for 1.5 m and 5.0 m lowlands
groundwater table depths, respectively. The uplands portions of the maps were generated for
interpolated GT depths. Similarly, NOAH NMSW7.5 1.5 m GT (Figure 43a) and NOAH
NMSW7.5 5.0 m GT (Figure 43b) for 1.5 m and 5.0 m groundwater table depth conditions were
prepared from NOAH NMSW7.5 scenario ground motions.
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Figure 42: Deterministic liquefaction hazard maps based on SHAKE NMSW7.5 for (a) 1.5 m GT
depth and (b) 5.0 m GT depth.
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Figure 43: Deterministic liquefaction hazard maps based on NOAH NMSW7.5 for
(a) 1.5 m GT depth (b) 5.0 m GT depth.
Liquefaction Hazard Maps: Discussion
As shown in the SHAKE PLHA maps for all three levels of probabilistic ground
motion (Figures 36 – 38), the liquefaction hazard (in terms of probability of exceeding LPI > 5)
can be 60% to over 90% in the lowlands for both shallow (1.5 m) and deeper (5 m) GT depth
conditions. The exception is for the 10% in 50 year PE for 5 m GT depth condition in which
liquefaction hazard in the lowlands is generally less than 10% to 50%. Compared to the eastern
lowlands liquefaction hazards for the 5% in 50 years 5 m GT depth condition and 10% in 50
years 1.5 m GT depth condition, the western lowlands liquefaction hazard is lower with hazards
ranging from less than 10% to 40% due to the presence of older Pleistocene sediments. So, we
can say that with the 1.5 m GT depth condition, the entire lowlands are susceptible to high
liquefaction hazard for 2% in 50 years PE whereas the eastern lowlands are prone to high
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liquefaction hazard for all three levels of probability of exceedances. Considering the 5 m GT
depth for the present condition, the lowlands area is still a highly liquefiable zone for the 2% in
50 years and 5% in 50 years probability of exceedance.
In the uplands loess, the liquefaction hazard is much less in comparison to the lowlands
alluvium. Using PGA with a 2% chance of being exceeded in 50 years (Figure 36), I find a 10%
to 50% chance of exceeding an LPI > 5, while at the other two levels of ground motion
(exceeded with a 5% and 10% chance in 50 years) (Figure 37 and Figure 38), I find less than a
30% chance of exceeding an LPI > 5. So, in general we can say that the uplands have lower
liquefaction hazards in comparison to the lowlands. Within the lowlands, the eastern lowlands
are more prone to liquefaction than the western lowlands as the western lowlands are composed
of less liquefiable old Pleistocene sediments. It should be noted that due to the map scale, I am
not able to show higher liquefaction hazard along the Wolf River and Loosahatchie River in the
uplands. Along these rivers, Cramer et al. (2015) show a 40% to more than 90% chance of
exceeding an LPI > 5 for 2% in 50 year probability of exceedance. The NOAH PLHA for all
exceedance levels (Figures 39 – 41) show similar results as shown by SHAKE PLHA.
Deterministic liquefaction hazard maps show a 60% to 90% chance of exceeding LPI > 5
along the NMSW zone for both SHAKE and NOAH based maps. Other than near the NMSW
fault, the lowlands have less than a 50% chance of exceeding an LPI > 5. So, we can say that
with the 1.5 m lowlands GT depth condition, the 1811–1812 events were responsible for high
liquefaction hazard in the eastern lowlands area, where Holocene and younger Pleistocene
sediments are dominant. This condition is similar to observations of 1811–1812 liquefaction, in
which there was high liquefaction in the lowlands (Obermeier, 1989). For the 5 m GT depth
condition, the chance of exceeding an LPI > 5 is 50%–80% along the NMSW fault zone. This
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shows that for present conditions, assuming the GT depth of 5 m, the scenario earthquake of
M7.5 can still cause high liquefaction in eastern lowlands.
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CHAPTER 5
COMPARISONS WITH PREVIOUS STUDIES
In previous studies, Herrmann et al. (1999), Toro and Silva (2001), and Cramer (2006a)
produced seismic hazard maps with the effects of site geology for the ME area. Among these
studies, only Cramer (2006a) has prepared seismic hazard maps using a completely probabilistic
approach (Cramer 2003, 2005). Park and Hashash (2004) and Malekmohammadi (2013)
produced soil amplification factors for various sediment thicknesses with reference profiles from
Romero and Rix (2001), but did not produce seismic hazard maps. Cramer (2006a) compared his
seismic hazard maps with those from Herrmann et al. (1999) and found that Herrmann et al.’s
results were somewhat similar to his smoothed version maps. Compared to Toro and Silva
(2001), Cramer’s maps have higher seismic hazard. Cramer pointed out that among several
reasons, primarily the difference was due to the ground-motion attenuation relation that Toro and
Silva had used. Cramer (2006a) also compared his maps with local Memphis seismic hazard
maps (Cramer et al., 2004) and found that the local Memphis maps for 2% in 50 years for PGA
and 1.0 sec SA were within ±0.1g of the values estimated in the 2006 maps.
Among all of the previous studies, I have compared the seismic hazard maps from the
present study with those from Cramer (2006a). Both studies are based on the same completely
probabilistic approach. The main difference between the two studies is that the Cramer (2006a)
seismic hazard maps are based on the 2002 USGS national seismic hazard model and the present
maps are based on the 2014 USGS national seismic hazard model. Another difference is that the
Cramer (2006a) seismic hazard maps are based on two geologic reference profiles, uplands and
lowlands, from Romero and Rix (2001) whereas in the present study, the maps are based on 639
interpolated soil profiles distributed all over the ME area.
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It is difficult to compare present seismic hazard maps with the Cramer’s Maps (Figure 6
of Cramer, 2006) due to the variations in map and color scales. So, digital data were obtained
from Chris Cramer, and I regenerated his maps of 2% in 50 year PE for PGA and 1.0 s SA
(Figures 44 a, b), matching the map and color scales with those of the present maps.
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Figure 44: Re-generated maps of 2% PE in 50 years PE with local site effects using SHAKE91
(Cramer, 2006a, Figures 6 A and B) for (a) PGA and (b) 1.0 s SA.
To make comparisons easier, I have also prepared maps that show the difference between
Cramer’s 2% in 50 years PE for PGA and 1.0 s SA hazard values and corresponding present
SHAKE PSHA (Figures 16 a, b) hazard values. The PGA difference maps shows that the
Cramer’s PGA map is higher by 0.2 g for uplands and 0.2 g - 0.4g for lowlands (Figure 45a).
Similarly, for 1.0 s SA map, Cramer’s map is higher by 0.2g for uplands and up to 0.6 for
lowlands (Figure 45b). The higher differences are mostly concentrated near the NMSZ SW arm
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fault zone. I have also prepared the histograms of difference in hazard ‘g’ values to show the
highest bin of such g values. For uplands, the difference value is dominated by 0.2 g for both
PGA and 1.0 s SA (Figures 46 a, b). For lowlands, the difference value ranges from 0.2 g to 0.4 g
for PGA (Figure 47a) and 0.4 g to 0.6 g for 1.0 s SA Figure 47b).
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Figure 45: Difference of 2% PE in 50 years between Cramer (2006a) maps and present SHAKE
PSHA maps for (a) PGA and (b) 1.0 s SA.
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Figure 46: Histograms showing the higher g values in the uplands for the 2006 map. The 2006
map is dominantly higher by 0.2 g in uplands for (a) PGA and (b) 1.0 s SA.
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Figure 47: Histograms showing the higher g values in the lowlands for the 2006 map. The 2006
map is dominantly higher by 0.4 - 0.6 g in lowlands for (a) PGA and (b) 1.0 s SA.
The differences between this study and Cramer (2006a) might be associated with
different uncertainties. The differences in hazard values might be the result of different base
seismic hazard models. The base model for Cramer (2006a) is the 2002 USGS national hazard
model, while for this study the base model is the 2014 USGS national hazard model. These
national maps are prepared with different earthquake source models and ground motion
attenuation relationships. The 2002 USGS national hazard maps have maximum hazard values of
3.0 g for PGA and 1.3 g for 1.0 s SA in the NMSZ (Frankel et al., 2002), whereas the 2014
USGS national maps have maximum hazard values of 2.0 g for PGA and 0.7g–1.0 g for 1.0 s SA
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in this area. These lower hazard values for the 2014 USGS model might be the reason I’m
getting lower seismic hazard values relative to the Cramer study. In addition, the different soil
profiles used in both studies might also affect the hazard values.
I have also compared liquefaction hazard maps from the present study with liquefaction
observations determined by Obermeier (1989), which covers the eastern lowlands. The map is
modified by Holzer et al. (2013, 2015) (Figure 48). The Obermeier (1989) liquefaction map is
based on the direct observation of liquefaction features caused by 1811–12 events. The intensity
of liquefaction hazards depends on the amount of area covered by sand boils. The map shows
that the percentage of area covered by sand boils is high, which confirms that eastern lowlands
are highly susceptible to liquefaction. This is qualitatively similar to the probabilistic
liquefaction hazard maps of this study for 2%- and 5%-PE-in-50-years for 1.5 m and 5 m GT
depths. The Obermeier (1989) liquefaction observations also appear qualitatively similar to this
study’s deterministic liquefaction hazard maps for both 1.5 m and 5.0 m GT depths.

Figure 48: Liquefaction area in the Lower Mississippi Valley caused by 1811–1812 earthquakes,
showing percentage of area covered by sand boils (modified from Holzer et al., 2013, 2015, and
Obermeier, 1989).
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CHAPTER 6
PORE PRESSURE EFFECTS
The ME is a trough shaped basin filled with a thick pile of sediments above the bedrock.
The saturation condition of the sediments is different according to the type of sediments and
geology in and around the ME area. The uplands area has a deeper groundwater table condition
in comparison to that of the lowlands area (Dhar et al., 2015). Due to a deep groundwater table
condition, the uplands area may not require a consideration of pore pressure effects for nonlinear
analysis. However, for the shallow groundwater table conditions in the lowlands, pore pressure
effects may play a significant role in hazard evaluations.
The site response codes SHAKE91 and NOAH_SH_IWAN do not consider pore pressure
effects for nonlinear calculations. Incorporating pore pressure effects in the non-linear code
NOAH, Bonilla et al. (2005) showed soil amplification in surface motions in the high frequency
condition contrary to the common fact of soil deamplification due to the nonlinearity in such
high frequency motions. Bonilla et al. (2005) combined a general hysteresis formulation
(Bonilla, 2000) and pore pressure generation following stress-strain constitutive models of
Towhata and Ishihara (1985) and Iai et al. (1990a, b). The mathematical model developed by Iai
et al. (1990 a, b) needs five parameters, generally termed dilatancy parameters. These parameters
are p1, p2, c1, s1, and w1. Parameters p1 and p2 are initial and final dilatancy, w1 is overall
dilatancy, and c1 and s1 are threshold limit and ultimate limit of dilatancy. These dilatancy
parameters are responsible for high spikes in surface motion during strong ground shaking.
Bonilla et al. (2005) and Roten et al. (2013) have shown such spikes in surface motions due to
the 1993 Kushiro-Oki earthquake (Figure 49) and in surface motions recorded at Onahama port
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Figure 49: Surface (GL-0) and borehole (GL-77 m) acceleration time histories for a dense sand
deposit during the 1993 Kushiro-Oki earthquake. Note the spiky repetitive waveform that
dominates the N–S component of surface motion starting at about 25 s (Bonilla et al., 2005). GL:
Depth below ground level.
due to the 2011 Tohoku earthquake (Figure 50), respectively. Observations of these features also
appear in records from Japan, Seattle, California, and Christchurch, New Zealand.
For the ME area, I made an initial consideration of pore pressure effects for nonlinear
analysis, despite the lack of the dilatancy parameters for the ME area. The dilatancy parameters
are either calibrated from stress-controlled laboratory experiments (Iai et al., 1990b; Roten et al.,
2009) or directly defined from the strong motion records (Roten et al., 2013). Since the required
dilatency parameters for the ME area are not available by either means, I have obtained these
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Figure 50: Acceleration time-series recorded at Onahama port in the borehole at 11 m depth
(GL-11m) and on the surface (GL-0m). Spikes are seen more clearly in the inset rectangles
(Roten et al., 2013).
parameters (Table 5 and Table 6) from Roten et al. (2013). These parameters were developed
from surface motion records at Onahama port during the 2011 Tohoku earthquake. The Onahama
port and the lowlands of the ME area have a similar kind of lithology containing silt and sand.
For testing purposes, I selected one profile (Figure 9) from the lowlands (location shown
in Figure 2) and applied the dilatancy parameters of layer 2 and layer 3 (from Tables 5 and 6) to
silt/clay and sand of lowlands, respectively. Then I conducted site response analysis using the
full version of NOAH (Bonilla et al., 2005). As expected, there were high spikes in surface
motions (Figure 51a) and such spikes were not seen while using NOAH_SH_IWAN (Figure
51b). This shows that when pore pressure is considered, strong ground motion can be amplified
in a nonlinear analysis. A comparison of surface spectral acceleration with 1.0 g input ground
motion is shown in Figure 52. Except for NOAH, which considers the effect of pore pressure, all
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other site response programs use modulus and damping curves and show deamplification at high
frequencies.
Table 5: Dilatancy parameters for Onahama port soil model
Top Description Low-strain
Non-linear
(m)
parameters
parameters
−1
0
Fill soil
vs = 100 m s
ϕ = 30◦
unsaturated ρ = 1800 kg m−3
ξ max = 20 percent
(layer 1)
K0 = 1.0
c
1.25 Upper sand vs = 124 m s−1
ϕ = 30◦
−3
(layer 2)
ρ = 2000 kg m
ϕp = 20◦
K0 = 1.0
w1, c1
η = 40 percent
p1 = 0.6, p2 = 1.2
3.50

Lower
sand
(layer 3)

vs = 215 m s−1
ρ = 2000 kg m−3
K0 = 1.0
η = 40 percent

ϕ = 40◦
ϕp = 28◦
w1 = 1000, c1
p1 = 0.6, p2 = 1.2

7

Silt
(layer 4)

vs = 950 m s−1
ρ = 2200 kg m−3
K0=1.0

ϕ = 20◦
ξ max = 20 percent
c=103 N m−2
Roten et al., 2013

Table 6: Inverted soil parameters and minimum misfit value
Parameter
Layer Symbol Unit Range
Value
Cohesion
1
log10c
Nm−2 0–7
6.04
Overall dilatancy 2
log10w1
-1–5
2.06
Threshold limit
2
c1
0.01–5.0 0.32
Threshold limit
3
c1
0.01–20.0 16.23
Roten et al., 2013
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Figure 51: Surface acceleration time histories using (a) NOAH - with pore pressure effects (b)
NOAH_SH_IWAN – without pore pressure effects. Note the spiky waveforms in (a). Also, there
is an amplification in (a) and deamplification in (b) for input motions of 1g.
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Figure 52: Response spectral ratios for 5% damped condition using different site response
programs. Black response spectrum is for the input ground motion (1.0 g) at the bedrock-soil
interface. Note that only NOAH, which considers pore pressure effects, shows amplification at
high frequencies (short periods).
This is just an initial study to show the effect of pore pressure in nonlinear analysis.
There is still a lot of research to be conducted on such pore pressure analysis for the ME. The use
of dilatancy parameters obtained from different places and applied to the ME needs to be
validated or the development of dilatancy parameters specifically for the ME needs to be studied.
This is an area for future study.
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CHAPTER 7
CONCLUSIONS
Earthquake ground motion and liquefaction hazard maps for the ME area were prepared
by adding local geologic effects to the 2014 USGS national hazard maps for 2%-, 5%-, and 10%PE in 50 years for PGA and 1.0 s SA. A 3D geologic model was prepared and used to extract
639 interpolated soil profiles. Using different site response codes (equivalent linear and
nonlinear) and using the Monte Carlo approach of Cramer et al. (2004, 2006a) on a 0.1-degree
grid, these profiles were used to calculated amplification distributions with uncertainties. Such
amplification distributions were integrated with rock-site hazard curves to generate seismic
hazard maps with the effects of local geology included. Since an equivalent linear code
(SHAKE91) overestimates damping, which results in low seismic hazard values, the nonlinear
calculation was limited to 300 m depth. The hazard values obtained in this way were similar to
such values obtained from a nonlinear code (NOAH_SH_IWAN) using a nonlinear calculation
for the full soil depth.
Compared to the 2014 USGS NSHM for 2% in 50 years PE for PGA, the lowlands
hazard was deamplified by 50% due to the nonlinear soil behavior, whereas the uplands hazard
was amplified by 50%–100% due to soil resonances and less nonlinear soil behavior. At long
period (1.0 s), nonlinear soil response was reduced such that both uplands and lowlands seismic
hazards were increased by 50%–100%. For 5% in 50 years and 10% in 50 years PE for PGA and
1.0 s SA, the spatial trends of amplification and deamplificaion in the lowlands and uplands was
similar to that of the 2% in 50 years PE level, though the overall hazard levels decrease with
increasing probability of exceedance level.
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The difference between probabilistic maps from SHAKE91 and NOAH_SH_IWAN were
within ±0.2 g showing that the depth limit of 300 m assigned for SHAKE91 nonlinear
calculations is acceptable. In general, for short period (PGA), deep sediments of the lowlands
deamplified high frequency ground motions due to soil nonlinearity, whereas the uplands
sediments amplified the ground motions. For long period (1.0 s SA), nonlinearity was not
significant resulting in amplification over the entire embayment. Compared with a deterministic
hazard map for rock condition for PGA, the hazard values were decreased by 50% along the
NMSW fault zone, which is due to the strong nonlinearity of soil due to high ground motion
produced by the large magnitude (7.5 M) scenario event. For 1.0 s SA, there is no significant
nonlinearity, which results in high amplification.
The probabilistic liquefaction hazard maps showed 60% to 90% probability of exceeding
LPI > 5 for 2% in 50 year and 5% in 50 year PE in the eastern lowlands for both 1.5 m and 5 m
lowlands GT depths. The results showed that the 1811–1812 events were modeled to have high
liquefaction hazard in the eastern lowlands area, where Holocene and younger Pleistocene
sediments are dominant. Considering the 5 m GT depth for the present condition, the lowlands
area is still a highly liquefiable zone assuming 2% in 50 years and 5% in 50 years PE ground
motions. The uplands are less liquefiable in comparison to the lowlands. The deterministic
liquefaction hazard maps showed higher liquefaction hazards (60% – 90%) in the eastern
lowlands in terms of PE of LPI > 5 for both 1.5 m and 5.0 GT depth conditions. The high
liquefaction hazard for 1.5 m GT, an assumed GT depth for 1811-1812 condition, showed that
the 1811–1812 events were responsible for high liquefaction hazard in the eastern lowlands area,
where Holocene and younger Pleistocene sediments are dominant. Assuming the GT depth of 5
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m for present condition, the scenario earthquake of 7.5M can still cause high liquefaction in the
eastern lowlands.
SHAKE91 and IWAN_SH_IWAN have limitations regarding pore pressure effects.
NOAH, which accounts for pore pressure effects, is used at one site in the lowlands assuming a 5
m GT depth. When including pore pressure effects, the surface records showed spiky waveforms,
such that instead of deamplificaton for short period ground motion, amplification of ground
motion is observed. This shows that with the inclusion of pore pressure effects in the lowlands,
the hazard of parts of the ME area might increase significantly for short period ground shaking
(PGA). Due to the lack of dilatancy parameters for the ME, parameters were borrowed from a
published report in Japan. There is still a lot of research to be conducted to validate the
application of dilatancy parameters obtained from different places in the ME as well as to
develop dilatancy parameters specifically for the ME.
The hazard maps with local geologic effects prepared in this study are still for a regional
scale, so it should not be used for site-specific purpose or site-specific engineering design.
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